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INTRODUCTION 
In 1957 Leloir emd Cardini (1) reported the enzymatic forma­
tion of glycogen in liver through incorporation of the glucose 
moiety of UDP-glucose into primer glycogen molecules. Shortly 
thereafter the same reaction was demonstrated in other tissues 
(2,3). The enzyme responsible for this reaction has been referred 
to as transglucosylase (4) or glycogen synthase^ (5), and the 
reaction has been shown to be essentially irreversible under 
physiological conditions (2). Subsequently, this reaction, with 
UDP-glucose as substrate, has become established as the rate limit­
ing step in the synthetic pathway for glycogen (2,3,6) while the 
2 phosphorylase reaction has become recognized as the rate limiting 
reaction in glycogen breakdown. 
In their early investigations of glycogen synthase, Leloir 
et al. (3) found that glucose 6-phosphate stimulated glycogen 
synthesis in a skeletal muscle tissue extract and Villar-Palasi 
aind Larner (7) were subsequently able to find two distinct forms 
of muscle glycogen synthase that differed in their response to 
the sugar phosphate. One form, designated synthase I; was active 
per se while the other form, synthase D, required glucose 6-
phosphate for activity. The discovery that insulin treatment 
^UDP glucose :glycogen a-4-glucosyltransferase, EC 2.4.1.11. 
2 
a-1,4-glucsm:orthophosphate glucosyltransferase, EC 2.4.1.1. 
2 
changed the effectiveness of glucose 6-phosphate on the synthase 
in skeletal muscle led to the proposal of two rapidly inter-
converting enzyme forms in vivo (4) and Larner and his co-workers 
subsequently established that the two forms of muscle synthase 
were enzymatically transformed through phosphory1ation-dephos-
phorylation reactions (8,9,10) analogous to the reactions described 
for phosphorylase (11,12). 
Synthase I is converted into D through a synthase kinase-
catalyzed reaction by incorporation of the terminal phosphate of 
ATP into serine residues in the enzyme (10,13). Synthase phospha­
tase catalyzed the hydrolytic removal of the phosphate from the 
phosphoserine in synthase D to convert it into I (10). Furthermore, 
as in skeletal muscle, it has been reported that interconversion be­
tween synthase D (the phosphorylated form and inactive vivo) and 
synthase I (the dephosphorylated and active form) occurs in many 
mammalian tissues including heart (14,15) as well as yeast and some 
molds (16,17). Numerous studies have shown that these interconver­
sion reactions are coupled to physiological stimuli (neural, hormonal, 
etc.) (18). For example, the stimulatory effect of insulin on 
cardiac glycogen synthesis in vivo (14,19) and in vitro (19) has 
been shown to be associated with a rapid increase in I form of 
synthase. The same effect of insulin on glycogen synthase also 
occurs in skeletal muscle (4,20) and liver (21,22). 
Studies on the skeletal muscle (23,24) and liver (25,26) 
glycogen synthase indicate that each form of the enzyme is also 
3 
subject to allosteric regulation by metabolites, such as glucose 
6-phosphate, nucleotides, and inorganic phosphate, but each form 
has maxked differences in their sensitivity to the metabolite 
controls. A recent study on the highly purified I form of heart 
and skeletal muscle synthase demonstrates the same activation 
specificity of metabolites and inorganic ions for both enzymes 
(27). Studies on synthase D of heart (28) aoid skeletal muscle 
(23) also reveal a similarity of the activation and inhibition 
specificity between these enzymes. Progress has been made by 
Piras aind his co-workers in elucidating the relevant factors in 
the modulation of glycogen synthase activity in vivo (24,29). 
The results indicate that changes in the concentrations of 
regulatory compounds and interconversion between the two forms 
of synthase both play a role in the regulation of glycogen syn­
thesis in skeletal muscle. In contrast, Hers et (30) and 
Mersman and Segal (31) suggested that the control of the glyco­
gen synthesis in liver is based entirely on a switching between 
active and inactive forms of synthase by effects on the conversion 
enzymes. Thus, the regulation of the converting enzymes (i.e., 
synthase kinase aiad phosphatase) is a major control mechanism of 
glycogen synthesis i^ vivo in both of these tissues, and pre­
sumably also in heart tissue. 
Rather extensive studies have been carried out on the nature 
aund control of the protein kinases involved in the regulation of 
glycogen metabolism. It has been shown that synthase kinase was 
4 
physically separable from phosphorylase kinase (32) and that 
phosphorylase kinase was distinct from glycogen synthase (33,34). 
Huijing and Larner (35) reported that the synthase kinase reac­
tion was directly activated by cyclic AMP. Walsh et (36) 
identified an enzyme, separate from the phosphorylase kinase, which 
catalyzed phosphorylation of phosphorylase kinase ajid casein in 
the presence of cyclic AMP and called the enzyme phosphorylase 
kinase kinase or cyclic AMP-dependent protein kinase. It had 
previously been shown that in an impure skeletal muscle fraction, 
both the synthase kinase and phosphorylase kinase kinase reactions 
were inhibited by the same heat-stable protein from muscle (37) 
suggesting that a single cyclic AMP-dependent protein kinase 
catalyzed both reactions. Schlender ^  (38) then indicated 
that glycogen synthase kinase and phosphorylase kinase kinase 
might be the saune enziine, since a purified enzyme preparation 
that phosphorylated glycogen synthase also activated phosphorylase 
kinase and catalyzed the phosphorylation of casein. Villar-Palasi 
et al. (39) and So de ring et (40) provided additional proof of 
the identity of the two catalysts aoid it is now established that 
synthase kinase is identical to the cyclic AMP-dependent protein 
kinase which phosphorylates phosphorylase kinase, histones, and 
several other proteins. Thus, the role of cyclic AMP as a mediator 
of epinephrine-induced stimulation of phosphorylase kinase (11,36) 
and inactivation of glycogen synthase (9,35) is now understood. 
The physiological significance of this dual role of cyclic AMP is 
5 
that a unique regulatory system is present in which the same cyclic 
AMP-dependent protein kinase turns on phosphorylase-catalyzed 
glycogen degradation and turns off synthase-catalyzed glycogen 
formation. 
In contrast to cyclic AMP-dependent protein kinase described 
above, much less is known of the nature, regulation, or mechanism 
of the phosphatases that dephosphorylate glycogen synthase, phos-
phorylase, or phosphorylase kinase. Since no protein phosphatases 
have been obtained in a pure state, physicochemical studies have 
not been possible and the relationship among the phosphatases 
acting on glycogen synthase, phosphorylase, and phosphorylase 
kinase is not presently understood. 
Glycogen synthase phosphatase was originally studied by 
Friedmain and Larner (9) in skeletal muscle as an enzyme which 
would convert synthase D into I, and it was later shown to be a 
true phosphatase (10). In liver, Hizukuri and Larner (41,42) 
described a factor which converted synthase D into I and Vardanis 
(43) pointed out the possible phosphatase nature of the enzyme. 
In heart, synthase phosphatase has been directly identified by 
32 the dephosphorylation of "^"P-labeled synthase D and concomitant 
conversion into I (15). 
Phosphorylase phosphatase was originally discovered in 
skeletal muscle by Cori and Green (44) and it was later shown 
to be a true phosphatase (45). The existence of phosphorylase 
kinase phosphatase was also demonstrated in skeletal muscle by 
6 
32 dephosphorylation of P-labeled phosphory1ase kinase, and the 
reaction was associated with the inactivation of the kinase (46). 
Recent reports on glycogen synthase phosphatase purified 
from skeletal muscle indicate that the enzyme is not absolutely 
substrate specific, but is also active on histone and active 
phosphorylase kinase (47,48). An earlier study by Hickenbottom 
(49) showed that dephosphorylation of synthase D could be catalyzed 
by phosphorylase kinase phosphatase from skeletal muscle and 
England et (50) recently demonstrated that skeletal muscle 
phosphorylase phosphatase catalyzed dephosphorylation of the 
inhibitor component of troponin. Moreover, it was observed in 
our laboratory (51) that muscle phosphorylase phosphorylase b, 
and active phosphorylase kinase all inhibited the conversion of 
heart synthase D into I by heart synthase phosphatase. Thus, the 
foregoing data indicate some lack of substrate specificity for 
several protein phosphatases and suggest a close relationship 
between these enzymes. Of particular interest in this regard is 
the finding that the amino acid sequence of the peptide around 
the phosphorylated site of muscle synthase D is very similar to 
or identical with that of phosphorylase a (13,52), suggesting 
that synthase D and phosphorylase a might be substrates of one 
phosphatase. 
Evidence that synthase phosphatase and phosphorylase phos­
phatase were dissimilar was provided by various investigators. 
Villar-Palasi (53) demonstrated no effect of added muscle 
7 
phosphorylase a on the for synthase D of skeletal muscle 
synthase phosphatase and Kato and Bishop (47) reported that highly 
purified synthase phosphatase from skeletal muscle did not convert 
muscle phosphorylase a into b. Graves et (54) found that 
skeletal muscle phosphorylase phosphatase could dephosphorylate 
only phosphorylase a and phosphopeptides derived from tryptic 
attack of phosphorylase a but not casein and phosvitin. Thus, 
the nature of sull these phosphatases remains to be aoiswered by 
further investigations of purified systems. 
The regulation of synthase phosphatase has been investigated 
by many research groups. Studies.on the reaction in several 
mammalian tissues demonstrate that it is activated by glucose 
(55,56), by glucose 6-phosphate (28,47,57,58,59), and by magnesium 
ion (21,28,41,47,58), but inhibited by glycogen (28,47,53,57), 
by ATP (59,60,61), by phosphorylase a (51,62), and by fluoride 
(15,28,43). Since the substrate, synthase D, is known to interact 
strongly with most of the molecules that affect the phosphatase 
reaction, the substrate may be involved in the control of the 
phosphatase reaction. In fact, several reports so far appeared 
indicate the importance of the role of substrate in the regula­
tion of conversion of synthase D to I by modifiers (28,47,57,58, 
60,61). Nevertheless, very little information is available on 
how these various factors can affect the action of the phosphatase. 
In order to characterize the synthase phosphatase, I now 
describe a method of partial purification of this enzyme from 
8 
bovine heart, that gives a phosphatase preparation completely 
free of glycogen synthase, phosphorylase, and protein kinase. I 
also report additional physicochemical techniques employed in an 
attempt to separate phosphorylase phosphatase and histone phos­
phatase activities from synthase phosphatase. As a part of the 
investigation of the control properties of the partially purified 
heart enzyme, I have examined the specificity of this enzyme for 
activators and inhibitors to determine the role of the substrate 
and the catalyst in the overall activity of this enzyme. 
9 
MATERIALS AND METHODS 
Materials 
UDP-[^^c]-glucose was prepared according to Thomas et al. 
32 (63), and y- P-ATP was prepared by the method of Glynn and 
Chappell (64) except that 15 piM nicotinamide adenine dinucleotide 
and 0.2 mM KH^PO^-K^HPO^ (pH 7.4) were added to the reaction 
mixture. 
Uniformly labeled ^^C-glucose amd carrier-free ^^Pi were 
purchased from New England Nuclear. UDP-glucose, phospho-serine, 
phospho-threonine, p-nitrophenyl phosphate, rabbit liver glycogen, 
crystalline bovine serum albumin, calf thymus histone (Type II-A), 
and bovine hemoglobin (Type I) were obtained from Sigma Chemical 
Co. Casein was obtained from Nutritional Biochemicals and 
gelatin (purified pig skin) was from Eastmsm Organic Chemicals. 
Ampholine Ampholyte solutions (pH 3-10) were from LKB and Sephadex 
G-10 and Sephadex G-lOO were from Pharmacia Fine Chemicals. DEAE-
cellulose (Whatman DE 23) and Whatman ET31 and 3MM papers were 
purchased from Reeve Angel Co. Polygram Cel 300 PEI was from 
BrinkmaLn Instruments, Inc. All other chemicals were of analytical 
reagent grade and obtained from commercial sources. 
Rabbit liver glycogen was treated with a mixed ion exchange 
resin (Amberlite MB-3 from Mallinckrodt) and stored frozen as an 
8% solution. The frozen solution of the treated glycogen was 
clarified by heating to 60-70°C before use. Casein was dissolved 
in boiling water aoid dialyzed first against 5 mM EDTA, then water 
10 
at room temperature. The suspension was clarified by centrifuga-
tion and stored at -20°C. DEAE-cellulose (Type DE 23) was washed 
with 0,5 N HCl, 0,5 N NaOH, and water prior to use. 
Enzymes 
Bacterial alkaline phosphatase was purchased from Worthing-
ton, Humaoi salivary a-amylase was prepared according to the 
method previously described (65). Cyclic AMP-dependent protein 
kinase was prepared from bovine heart by a modification of the 
methods of Reimajin et (66) aind Rubin ^  (67). 
Bovine heart glycogen synthase D and I were prepared by the 
methods of Brown and Larner (68) and of Thomas and Larner (69), 
respectively, except that some preparations, which showed appre­
ciable synthase phosphatase activity when assayed in the presence 
2+ 
of Mg smd glucose 6-phosphate, were further purified by either 
of the two following methods. The first method made use of re­
peated precipitation with 17% ethajnol as described previously for 
skeletal muscle enzyme (47,68). The phosphatase was not pre­
cipitated as effectively as the synthase and the contamination 
by the phosphatase was greatly reduced. The second method was 
based on separation of the phosphatase and synthase by ultra-
centrifugation through a sucrose solution. The enzyme preparation 
was layered on top of 50% (w/v) sucrose solution in a centrifuge 
tube (one volume of enzyme suspension for each ten volumes of 
sucrose) and centrifuged at 78,000 xg for 10 hrs at 4°C. The 
11 
pelleted synthase was resuspended in a small volume of buffer 
(50 mM Tris-Cl, 5 mM EDTA, pH 7.8) and was dialyzed against the 
same buffer at 4°C. 
With either of the above methods of phosphatase removal, the 
final synthase preparation contained approximately 0.2-0.4 mg gly­
cogen per unit of synthase (specific activity > 7 xinits/mg protein) 
and little or no synthase phosphatase, histone phosphatase, or 
cyclic AMP-dependent protein kinase under the standard assay con­
ditions described under "Enzyme Assays". The enzyme (both synthase 
I and D form) was stable at -70°C for 6 months without any measur­
able loss of activity. The synthase D thus obtained had virtually 
no activity in the absence of glucose 6-phosphate and contained no 
phosphorylase kinase activity. Prior to use, the enzyme was diluted 
with buffer (10 xnM Tris-Cl, 5 mM DTI, pH 7.5) and was preincubated 
for 30 m in a.t So'^C. 
Phosphorylase b (70), phosphorylase kinase (71), and phos­
phorylase phosphatase (72) purified from rabbit skeletal muscle 
were generous gifts from Dr. D. J. Graves, Iowa State University. 
Non-radioactive phosphorylase _a was prepared by the procedure 
described later for preparation of radioactive a. 
12 
Purification of Glycogen Synthase 
Phosphatase from Bovine Heart 
Glycogen synthase phosphatase was purified approximately 150-
fold from a bovine heart extract. The heart was obtained from a 
local slaughter house and kept on ice until use (usually within 
one and one-half hours). All subsequent steps were carried out at 
4°C unless otherwise stated. The initial stages of purification 
of phosphatase (extraction emd 30% ethanol precipitation) were the 
same as described previously for the purification of glycogen 
synthase (69). The pellets from the 30% ethanol precipitation were 
dispersed in buffer (50 mM Tris-Cl, 5 mM EDTA, and 50 mM mercapto-
ethanol, pH 7.5) in a Potter-Elvehjem homogenizer to give a total 
volume of approximately l/lO of the original homogenate. The 
resuspension was centrifuged at 78^000 xg for 3 hrs and the pellets 
were discarded. The resulting supernatant was applied xo a DEAE-
3 
cellulose column (38 cm for 90 g original tissue) which had been 
previously equilibrated with the same buffer used for resuspension. 
After sample application, the column was washed with one and one-
half bed volumes of the same buffer. The enzyme was eluted with a 
linear gradient of NaCl from 0 to 500 mM (the total gradient volume 
was 8 times the bed volume). The fractions eluted with buffer con­
taining 240 to 310 mM NaCl were pooled, the enzyme was precipitated 
by (NH^)^SO^ (70% saturation), and centrifuged at 10,000 xg for 
20 min. The pellets were dissolved in a small volume of buffer 
(50 mM Tris-Cl, 50 mM mercaptoethanol, pH 7.5) and dialyzed against 
13 
the same buffer. Denatured protein was removed by centrifugation 
at 32,000 xg for 20 min and the enzyme solution was stored at 
-70°C. Subsequent freezing (-70°C) and thawing (30°C) of the 
enzyme preparation caused denaturat ion of some proteins and the 
denatured proteins were removed by centrifugation each time the 
procedure was repeated. All detectable glycogen synthase, phos-
phorylase, and protein kinase, but not synthase phosphatase were 
removed by this procedure. After the third freezing and thawing 
the enzyme preparation was dialyzed against buffer (50 mM Tris-
Cl, pH 7.5) to remove mercaptoethanol and the denatured proteins 
were removed by centrifugation. The final phosphatase prepairation 
could be stored at -70°C for 6 months with little loss of activity. 
Unless otherwise stated, the subsequent studies were carried out 
using this enzyme preparation. 
32 Preparation of P-Labeled Proteins 
32 Bovine heart synthase I was converted into P-labeled 
32 2+ 
synthase D by incubation with y- P-ATP, Mg , aind cyclic AMP-
dependent protein kinase as described by Thomas and Nakai (28). 
After conversion, the protein kinase was removed by either of 
the methods used for phosphatase removal as described under 
"Enzymes". The final dialyzed synthase preparation contained 
less than 5% synthase I and the specific activity was usually 
higher than 7 units/mg protein. The enzyme was kept frozen at 
-70°C. 
14 
32 
P-labeled phosphorylase a was made by the method of 
32 2+ Krebs (73) by incubating phosphorylase b with y- P-ATP, Mg , 
and phosphorylase kinase, and the enzyme was stored at 4°C in 
buffer (10 or 50 mM Tris-acetate, 1 mM DTT, pH 7.5) after gel 
filtration on Sephadex G-10 and recrystal1ization. The phos­
phorylase a preparation had a specific activity of 90-110 inter­
national units per mg protein and an activity ratio of 0.71-0.75 
as measured by assays in the absence and presence of AMP (74). 
Maximally activated but not maximally phosphorylated (46) 
32 
P-labeled phosphorylase kinase was made and kindly supplied by 
Mr. J. Caxlson, Iowa State University. 
32 
P-labeled histone was prepared by a method which was 
essentially that of Meisler and Langan (75) except that 0.1 mM 
cyclic AMP sind 2 mM theophylline were added to the reaction 
mixture and the cyclic AMP-dependent protein kinase was from 
bovine heart. The TCA (20%) insoluble product was washed twice 
with water, resuspended in a small volume of 50 mM Tris-CI (pH 
7.5), and then dialyzed against 5 mM Tris-Cl (pH 7.5). The 
dialyzed P-histone was stored as a frozen solution (-20 C). 
32 Casein was also phosphorylated and labeled with P by a similar 
32 procedure auid the P-casein was isolated by precipitation with 
32 5% TCA instead of 20%. The dialyzed P-casein (in 5 mM Tris-Cl, 
pH 7.5) was stored as a frozen solution (-20°C). 
15 
Enzyme Assays 
The glycogen synthase assay was based on the incorporation 
of ^^C-glucose into glycogen from UDP-[-glucose (63), Assays 
in the presence of 14 mM Na^SO^ amd 10 mM glucose 6-phosphate gave 
the activity due to synthase I aund total (I and D) synthase, 
respectively (76). Under these conditions one unit of synthase 
activity is defined as the amount of enzyme catalyzing the trains-
fer of 1 n mole glucose from UDP-glucose to primer glycogen per 
min at 30°C. 
Phosphorylase activity was determined by glycogen synthesis 
from glucose 1-phosphate (74). One unit of activity is an amount 
of enzyme releasing 1 p. mole Pi from glucose 1-phosphate per min 
at 30°C. 
Cyclic AMP-dependent protein kinase was assayed at 30°C by 
the method of Reimajin et, (66) using his tone as a substrate. 
One unit of activity is defined as the amount of enzyme catalyzing 
the incorporation of 1 p. mole phosphate from ATP into histone per 
min. 
Phosphatase activity on p-nitrophenyl phosphate was determined 
colorimetrically by the method for determination of alkaline phos­
phatase activity at 30°C (77,78). 
Glycogen synthase phosphatase and phosphorylase phosphatase 
were assayed at 30^C by conversion of synthase D into I (28), and 
phosphorylase a into b (54), respectively, as measured by changes 
in enzyme activity. Phosphoprotein phosphatase could also be 
16 
assayed by release of from ^^P-labeled substrates at 30°C. 
Reaction mixtures for assays by rate of dephosphorylation con­
tained 50 mM Tris-CI (pH 7.5) , 5 mM DTT, labeled substrate 
and the phosphatase preparation in a volume of 50 |al. The con­
centration of substrates was usually two times the K value for 
m 
that substrate. With his tone as substrate, 35-50 mM MgCl^ was 
added to the reaction mixture, and with synthase D, phosphorylase 
kinase, or casein as substrate, 10 mM MgCl^ was present. The 
reaction was started by the addition of phosphatase to the reaction 
mixture aoid stopped by the addition of 20 |jl of 100% (w/v) TCA for 
all substrates except histone. With histone, reactions were stopped 
with 80 mM silicotungstic acid in 40 mM H^SO^. All reaction mix­
tures were kept on ice for 20 min, then centrifuged at 2,600 xg 
for 20 min at 4°C. Fifty microliters of supernatant wais spotted 
on a square of filter paper (2 x 2 cm; Whatman ET31), dried and 
32 
counted in a scintillation counter to determine Pi released 
during the enzyme incubation. Control assays containing no phos­
phatase were run with each experiment in order to correct for 
32 
non-covalentlybound P in the substrates. In most cases experi­
ments were carried out such that less them 1% of the substrate 
was utilized. Under these conditions, the activity was propor­
tional to the amount of enzyme added. One unit of phosphatase 
activity is defined as an amount of enzyme which liberates 1 n 
mole of Pi from the phosphorylated substrate per min. 
17 
Other AnaJ-yticaJ. Methods 
Total carbohydrate was determined by the phenol-sulfviric 
acid method described by Dubois ^  (79). Protein was deter­
mined by the method of Lowry ^  a^. (80) with bovine serum aJ.bumin 
as the stemdard. Concentrations of phosphorylase were estimated 
spectrophotometrically with an absorbancy index of 1.27 and 1.32 
at 280 nm for a 1.0 rag/ml solution of a and b, respectively (81). 
Sucrose gradient centrifugation of heart phosphatase was 
performed by the method of Martin and Ames (82). A 5 to 25% 
linear sucrose gradient (5 ml) was formed by an ISCO Model 570 
gradient former in 50 mM Tris-Cl, 5 mM DTT, pH 7.5, and heart 
synthase phosphatase from the second freeze-thaw step (0.16 mg) 
was placed on top of the gradient. Bacterial alkaline phosphatase, 
humcun salivary a-amylase, and bovine hemoglobin as well as heart 
phosphatase v.'ere loaded on an identical sucrose gradient. Gra­
dients were centrifuged in a Beckman SW39 rotor at 38,000 rpm for 
18 hrs at 4°C. Fractions were assayed for phosphoprotein phos­
phatase activity as described under "Enzyme Assays" and protein 
was determined by the method of Lowry et (80). The fractions 
were also assayed for a-amylase (83) and alkaline phosphatase (77, 
78). Hemoglobin was determined colorimetrically at 430 and 555 nm. 
Isoelectric focusing of heart phosphatase was carried out in 
an ISCO Model 212 preparative density gradient electrophoresis 
apparatus with Ampholine electrolytes to provide the pH gradient 
(84). The emode electrolyte (90 mN H^SO^ in 40% sucrose) was 
18 
routinely located at the bottom of the central column. The 5 to 
30% (w/v) sucrose gradient (20 ml) contained 0.3 mg heart phos­
phatase ( from the second freeze-thaw step), 2 mM DTT, suid 2% 
Ampholine (pH 3-10). The gradient was loaded above the smode 
solution and the cathode electrolyte (90 mN NaOH) was placed on 
top of the gradient to complete the column. Electrofocusing was 
done at 3°C for 12 hrs with constant voltage (400 V). Fractions 
were collected and absorbance at 280 nm was measured with an ISCO 
Model UA-4 ultraviolet analyzer against a buffer blank. The frac­
tions were analyzed for pH smd phosphoprote in phosphatase activity 
as described under "Enzyme Assays". 
Discontinuous polyacrylamide gel electrophoresis of heart 
phosphatase was run in a Shajidon analytical polyacrylamide electro­
phoresis apparatus as described by Gabriel (85). The 5-cm running 
gels (7.5% acrylamide) and the 1-cm stacking gels (2.5% acrylamide) 
were photopolymerized (85). Samples of heart phosphatase (23 |ag 
of the final enzyme in 50 |j.l of 15% sucrose and 5 mM DTT) were 
electrophoresed at 3°C for 3 hrs with 2.5 ma per gel in 24 mM 
Tris, 190 mM glycine, and lO mM p-mercaptoethanol, pH 8.4 (85). 
After electrophoresis of three identical gels, one was stained for 
protein for 5 min with Aniline Blue Black said destained with 7% 
acetic acid for two days with several changes of acetic acid and 
the others were sliced into 1.6 mm segments. The slices were 
32 incubated with saturating concentrations of P-labeled histone 
and phosphorylase a at 30°C for 3 hrs amd ^^Pi released was 
determined as described under "Enzyme Assays". 
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RESULTS 
32 
Stoichiometry of P-Incorporation 
into Glycogen Synthase and Histone 
32 Bovine heart synthase D labeled with P was prepared several 
times and the incorporation of phosphate into the enzyme ranged 
from 56.6 to 81.4 n moles per mg of the enzyme subunits with an 
average value of 65.1. The calculations were based on the follow­
ing assumptions (These assumptions are used throughout this thesis 
when calculating the concentration of synthase D in terms of u/ml, 
mg/ml, or pM phosphate^ on the enzyme): 
(1) The molecular weight of a synthase subunit is 100,000 
daltons. On SDS disc gel electrophoresis of a glycogen-
free synthase preparation made in our laboratory, the 
subunit of the enzyme migrated just behind that of phos-
phorylase b, and the estimated molecular weight of the 
subunit was approximately 100,000 daltons (Personal com­
munication from Mr. J, Siebert, Iowa State University). 
This is in good agreement with the results obtained for 
skeletal muscle synthase D and I forms in other labora­
tories (40,86). 
3 Unless otherwise stated, all substrate concentrations in this 
thesis axe the concentrations of the phosphate moiety of the sub­
strate proteins calculated from the phosphate incorporated into the 
proteins from ATP. Any phosphate present before phosphorylation is 
not considered. 
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(2) The specific activity of synthase is 20 units per mg 
protein. The highest specific activity of skeletal 
muscle synthase so fax reported is 20 units per mg 
protein for enzyme preparations that were homogeneous 
by criteria of disc gel electrophoresis aoid analytical 
ultracentrifugation (68,86). The highest specific 
activity so far obtained for heart synthase was 7.3 
(in this thesis) and the preparation used for SDS 
electrophoresis had a specific activity of 6.6. 
Hence, there are 6.51 moles of phosphate per mole of the enzyme 
subunit. This is in good agreement with the previous report for 
rabbit and rat heart enzymes (15) and is essentially the same as 
the data obtained by direct chemical analysis of purified skeletal 
muscle enzyme (86). 
32 
Histone labeled with P was also prepared several times and 
32 
P-incorporation varied from 3 to 24 n moles per mg protein. 
However, in most cases 3 to 9 n moles per mg protein was obtained 
32 
and h is tone with approximately 4 n moles P-phosphate per mg 
protein was used for the most of the experiments reported in this 
thesis. Variations in the amount of "^^P incorporation into histone 
may represent variations in the phosphate present in the histone 
used for starting material or variations in the proportions of 
various types of histones in commercial preparations. The extent 
of phosphorylation of histones has been shown to vary from one 
type to another (87). 
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Purification of Glycogen Synthase 
Phosphatase from Bovine Heart 
The results of a typical purification of glycogen synthase 
phosphatase are shown in Table I. The enzyme was purified 150-
fold with a recovery of 7% from the 16,000 xg supernatant of bovine 
heart. The enzyme preparation was free of glycogen synthase, phos-
phorylase, and cyclic AMP-dependent protein kinase and had phos­
phatase activity on both histone and phosphorylase in addition to 
glycogen synthase. The ratio of activities on the three phospho-
protein substrates was essentially unchanged during purification. 
On 30% ethanol precipitation only 50% of the synthase phosphatase 
activity was recovered, A possible cause for the poor yield of 
synthase phosphatase at this step might be denaturat ion of the 
enzyme or/and removal of activators, if present at all, of the 
en2>'2ie. It vras also possible that the ethanol concentration was 
not high enough to quantitatively precipitate the enzyme. Ultra-
centrifugation did not pellet either the synthase phosphatase or 
histone- and phosphorylase-phosphatases. This step removed more 
than 70% of the glycogen synthase and phosphorylase from the 
phosphatase preparation. DEAE-cellulose column chromatography 
gave good purification (10-fold). The elution profile from the 
column (Figure 1) shows that most of the protein phosphatase 
activity with synthase D, histone, or phosphorylase a as substrate 
was retained by the resin sind there was a similarity in the elution 
pattern with each of the substrates. The major activity peaks did 
Table I. Purification of glycogen synthase phosphatase from 
bovine heart^ 
Glycogen synthase phosphatase 
Purification Total Total Total Specific Purifi­ Yield 
step volume protein activity activity cation 
(ml) (mg)^ (U)'= (U/mg) (fold) (%) 
16,000 xg 
Supernatant 2,380 60.1 0.0253 1 100 
Resuspended 
ethanol 15.0 551 31.1 0.0564 2.22 51.7 
precipitate 
78,000 xg Q 
Supernatant 408 30.6 0.0750 2.96 50.9 
DEAE-cellulose 
fraction, con- ^  q 
centrated 10 7.7 0.74 29 13 
with (NH^)gSO^ 
First freeze- _ _ 
thaw 3.3 5.1 1.5 61 8.5 
Second freeze- . _ 
thaw 1.5 4.7 3.1 120 
7.8 
Third freeze-
thaw, 1.0 1.1 4.2 3.8 150 7.0 
dialyzed 
^Synthase phosphatase was purified as described under 
"MATERIALS AND METHODS" from 90 g of bovine heart tissue. At each 
major step in the purification, aliquots were diluted and assayed 
for synthase phosphatase, histone phosphatase and phosphorylase 
phosphatase. These activities were determined by release of 32pi 
from 32p_iaibeled substrates as described under "MATERIALS AND 
METHODS". The concentrations of the protein substrates was twice 
the values, i.e., 0.1 mg/ml for synthase D, 3 mg/ml for his tone, 
and 2-5 mg/ml for phosphorylase a. Activities of glycogen syn­
thase in the presence of 10 mM glucose 6-phosphate, of phosphory­
lase in the presence of 2 mM AMP, and of cyclic AMP -dependent pro­
tein kinase in the presence of 50 pM cyclic AMP were also deter­
mined as described under "MATERIALS AND METHODS". 
^Protein was determined by the method of Lowry et (80). 
^Units of enzyme activity axe defined under "MATERIALS AND 
METHODS". 
*^nzymatic activities were not assayed. 
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Figure 1. Elution profile of enzymes from DEAE-cellulose 
column. The supernatant of 78,000 xg centrifugation 
was applied to a DEAE-cellulose column (2.2 x 10 cm) 
ajid enzymes were eluted with a linear gradient of 300 
ml NaCl (0-500 mM) as described under "MATERIALS AND 
METHODS". Fractions of 4.1 ml each were collected and 
assayed for activities of the indicated enzymes as 
described under Table I. Absorbamce at 280 nm ( ) 
was measured against a buffer blank. NaCl concentra­
tions ( ) were determined by conductivity measure­
ment, Other siinbois are: (V—T) synthase phosphatase 
activity; (•—•) phosphorylase phosphatase activity; 
(#—#) histone phosphatase activity; (^ glycogen 
synthase activity; (Q—Q) phosphorylase activity; and 
(O—O) cyclic AMP-dependent protein kinase activity. 
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not coincide with those of synthase, phosphorylase, or protein 
kinase. The fractions (from 46 to 56) which had no appreciable 
synthase, phosphorylase and protein kinase activities were pooled 
and used in the subsequent steps for preparation of synthase phos­
phatase, since the primary purpose of this purification was to ob­
tain the phosphatase free of the above enzymes. Naturally, much 
of the phosphatase activity was lost at this stage and this was 
the major reason for the poor recovery of the enzyme reported in 
Table I. As reported for skeletal muscle enzyme (47), the heart 
synthase phosphatase was also resistant to denaturation by repeated 
freezing and thawing in the presence of p-mercaptoethainol. This 
unique property of the enzyme aided the purification of this 
enzyme 5-fold amd the complete removal of synthase activity from 
the final enzyme prepsuration (Table I). 
Parallel Purification of Synthase-, 
Histone-, and Phosphorylase-Phosphatase 
Activities from Bovine Heart 
Synthase-, histone-, and phosphorylase-phosphatases exhibited 
similar behavior on elution from DEAE-cellulose and other steps in 
the purification of the heart synthase phosphatase. Moreover, the 
final synthase phosphatase preparation contained histone- and 
phosphorylase-phosphatase activities in the approximate proportion 
to that in the crude extract of heart. To substantiate that these 
three phosphatase activities were co-purified by our procedure, 
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specific activities of the phosphatases at every stage of the 
purification were compared (Table II). Although the his tone phos­
phatase activity was purified slightly more (200-fold) than was 
synthase phosphatase (150-fold), the ratio of the specific 
activities of the two phosphatases at each step was essentially 
constant. The rate of dephosphorylation of his tone was approxi­
mately twice that with synthase D under the assay conditions em­
ployed. Likewise, the specific activity of phosphorylase phos­
phatase compared to that of synthase phosphatase at all steps 
was constant except for the ethanol precipitation and ultra-
centrifugation steps. The rate of dephosphorylation of phos­
phorylase a was approximately four times that with synthase D. 
The relationship between the specific activities of histone-
and phosphorylase-phosphatases auLso remained quite const em t at 
all stages except at the above mentioned steps. Variations in 
the ratios at these stages of purification may well result from 
complex effects on assay conditions, since the phosphatase activi­
ties on various substrates are known to be regulated by different 
metabolites, etc. (data presented later). If synthase phosphatase, 
histone phosphatase, and phosphorylase phosphatase were different 
enzymes, one would not expect the ratios of the three activities 
to remain constant during the purification procedure. 
Since the foregoing results (Table II) as well as the elution 
profile on DEAE-cellulose (Figure 1) reveals a parallel purifica­
tion of phosphatase activities on sjTTithase D, his tone, aind 
Table II. Parallel purification of synthase-, histone-, and 
phosphorylase-phosphatase activities from bovine 
heairt 
Synthase phosphatase Histone phosphatase 
Purification 
step Specific 
activity 
(U/mg) 
Purifi­
cation 
(fold) 
Specific 
activity 
Purifi­
cation 
(U/mg) (fold) 
16,000 xg 
supernatant 
Resuspended 
ethanol 
precipitate 
78,000 xg 
supernatant 
DEAE-cellulose 
fractions, 
concentrated 
with (NH^)^SO^ 
First freeze-
thaw 
Second freeze-
thaw 
Third freeze-
thaw, dialyzed 
0.0253 
0.0564 
0.0750 
0.74 
1.5 
3.1 
3.9 
2.22 
2.96 
29 
61 
120 
150 
0.0437 
0.147 
0.173 
1.5 
3.4 
7.1 
8 .8  
3.36 
3.95 
34 
78 
160 
200 
The data taken directly from Table I. 
^Specific activities and purification factors of histone-
and phosphorylase-phosphatases were calculated from the data in 
Table I. 
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Phosphorylase phosphatase 
Specific Purification 
activity 
(U/mg) (fold) 
Ratio of specific activities 
with as substrates: 
Histone/ Phosphory- Phosphory-
Synthase lase a / lase a / 
D Synthase D Histone 
0.0929 1.7 3.7 2.1 
0.450 4.84 2.6 8.0 3.1 
0.507 5.45 2.3 6.8 2.9 
3.9 42 2.0 5.2 2.6 
6.4 
13 
17 
69 
140 
180 
2.2 
2.3 
2.3 
4.2 
4.0 
4.3 
1.9 
1.8 
1.9 
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phosphorylase a, the enzyme preparation was tested for the activity 
on other phosphorylated proteins in addition to the above substrates. 
The enzyme was also tested on p-nitrophenyl phosphate to determine 
whether or not the heart synthase phosphatase preparation contained 
alkaline phosphatase activity. Table III clearly demonstrates that 
the purified heart synthase phosphatase preparation was able to 
dephosphorylate active phosphorylase kinase and phosphorylated 
casein as well as synthase D, phosphorylase a, and his tone and that 
p-nitrophenyl phosphate was not dephosphorylated by this enzyme 
preparation. Thus, the heart synthase phosphatase preparation was 
active on all the phosphorylated proteins tested but not on a low 
molecular weight phosphoester. 
32 
Identification of the P-Labeled Product of 
the Heart Phosphatase-Catalyzed Reaction 
Since the assay of the heart phosphatase activity on the 
various phosphorylated proteins was based on the release of radio­
activity into the supernatant after precipitating the substrate 
protein with acid, it was important to determine whether the re-
32 lease of radioactivity involved dephosphorylation of the P-
labeled protein substrates or proteolytic cleavage of phosphorylated 
peptides from the proteins. If proteolysis were involved, it should 
32 32 be possible to detect P-labeled compounds different from Pi, 
In order to test this and to evaluate the phosphoprotein phos-
32 phatase assay method based on the detection of released Pi, the 
31 
Table III. Activity of the bovine heart synthase phosphatase 
preparation on phosphorylated proteins and p-
nitrophenyl phosphate^ 
Substrate Concentration of substrate Activity 
laM % of protein-bound [^^P] re­
leased in 20 min^ 
Glycogen synthase D 
Phosphorylase a 
Phosphorylase kinase 
Histone 
Casein 
P-Nitrophenyl-
phosphate 
6.5 
6.0 
3.2 
12 
1.0 
mM 
7.0 
7.0 
3.6 
4.0 
4.0 
3.8 
4.4 
n moles of p-
nitrophenol pro­
duced in 30 mind 
The heart synthase phosphatase preparation from the first 
freeze-thaw step was used fcr assay and the enzyme concentration 
in the assay mixtures was 10 jag/ml. 
^Expressed as concentration of phosphate incorporated into 
each protein during preparation of the substrate (see footnote 3 
under "RESULTS"). 
"Phosphoprotein phosphatase activities were determined by 
release of ^^Pi from ^^P-laheled proteins as described under 
"MATERIALS AND METHODS". 
^ara-nitrophenyl phosphate phosphatase activity was assayed 
by production of p-nitrophenol (77,78). 
^Assayed in 50 mM Tris-Cl, 5 mM DTT, amd 10 mM MgClg, as for 
synthase phosphatase activity. 
^Assayed in 50 mM glycine, pH 10.5, as for aklaline phos­
phatase activity (77,78). 
32 
following esqperiments were carried out. 
32 
P-labeled synthase D, phosphorylase a, and his tone were each 
incubated with the heart synthase phosphatase preparation and as­
cending chromatography of the reaction mixtures was performed on 
Whatman 3MM paper in n-butaaiol, acetic acid, and water (40:6:15 
v/v/v). Ninhydrin-positive spots were located and the chromatogram 
was cut into strips for detection of radioactive spots with a 
Packard Model 7201 radiochromatogram scanner- The protein sub­
strates (ninhydrin-positive spots) remained at or near the origin 
and only one radioactive compound was produced with each substrate 
during the phosphatase reaction. The radioactive products from 
all three substrates had the same value of 1.7 as compared to 
^^P-ATP with an of 1.1. The compound liberated from ^^P-histone 
was further examined by thin layer chromatography followed by 
radioautograpby as shovjn in Figure 2. In this system the product 
32 
migrated with the same R^ as standard Pi. Standard assay con­
ditions for histone dephosphorylation, where the histone was 
precipitated with silicotungstic acid in sulfuric acid, gave rise 
32 to radioactive material other than Pi, that migrated very 
slowly (Figure 2). However, this material did not cause inaccurate 
measurement of phosphatase activity because a control (the same 
conditions as the assay without added phosphatase) was always 
run with each experiment. It is demonstrated in Figure 2 that 
control phosphorylated histone also yielded the same radioactive 
material (usually less than 0.3% of the total radioactivity). 
Figure 2. Radioautography of products from the heart synthase 
phosphatase-catalyzed reaction. Ascending thin layer 
chromatography of the samples indicated below was run 
on a PEI thin layer plate (Brinkmam) in 0.9 N LiCl 
(room temperature, 3 hrs) (88). Ninhydrin-positive 
spots are designated by fix) and radioactive spots that 
appeared on exposure to non-screen X-ray film (Kodak) 
are shown byQ . Samples are: 1. ^^P-labeled his-
tone; 2. and 6. ^^Pi; 3. supernatamt after precipi-
tation of ^^P-labeled histone with silicotungstic acid 
in sulfuric acid; 4. 5. a phosphatase reac­
tion mixture after incubation of ^^P-laheled histone 
with purified heart synthase phosphatase preparation; 
aoid 7. supernatant of the phosphatase reaction mixture 
Sifter precipitation of ^ ^P-histone with silico tungstic 
acid. 
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32 Thus, radioactivity other than Pi could be cancelled out. The 
preceding results indicate that the phosphatase assay described 
under "MATERIALS AND METIKDDS" based on the determination of radio-
32 
activity released during the phosphatase reaction measured Pi 
liberated from substrate and that proteolysis did not occur during 
the phosphatase reaction with the heart phosphatase preparation. 
Reversal of the Heart Phosphatase Action 
on Glycogen Synthase and Phosphorylase 
Since the action of a phosphatase should result only in de-
phosphorylation of synthase D associated with the activation of the 
enzyme, phosphorylation and inactivation of the previously "dephos-
phorylated" enzyme by added cyclic AMP-dependent protein kinase aaid 
ATP should be possible. As is clearly shown in Figure 3, the de­
crease in the D activity of a glycogen synthase preparation was 
32 
virtually parallel to the decrease in P-phosphate on the synthase 
when this enzyme was incuba.ted with purified heart phosphatase. 
When approximately 50% of synthase D was converted into I amd half 
32 
of the P-phosphate on the enzyme was released, cyclic AMP-
dependent protein kinase and ATP was added to start the phosphoryla­
tion reaction. The increase in D content of the synthase aind in-
32 
corporation of P into the enzyme correlated very well. Under 
these conditions no appreciable increase or decrease of the total 
glycogen synthase activity (measured in the presence of 20 mM 
glucose 6-phosphate) was observed. Figure 4 shows a similar result 
Figure 3. Phosphorylation and inactivation of phosphatase-
treated glycogen synthase. Heart glycogen synthase 
D was incubated at SO^C with purified heart phosphatase 
in a reaction mixture (300 pi) containing 50 mM Tris-
C1 (pH 7.5), 5 TOM DTT, 10 mM MgClg, 0.1 mg/ml ^^P-
synthase D, and 0.05 mg/ml heart synthase phosphatase 
preparation (from the second freeze-thaw step). At 
several intervals after the start of the reaction, 
aliquot s (50 |al) were removed and the ^^Pi released 
was determined as described under "MATERIALS AND 
METHODS". Five (jJ. aliquot s were also removed, diluted, 
and assayed for glycogen synthase (63). The quantity 
referred to as "% synthase I" was determined by divid­
ing the activity with 28 mM NagSO^ by the activity with 
20 mM glucose 6-phosphate and multiplying by 100 (28). 
Subtracting "% synthase I" from 100 gave "% synthase D". 
At 40 min (indicated by the arrow in the figure) 50 pi 
of the reaction mixture was removed and mixed with 150 
pi of a solution containing 50 mM Tris-Cl (pH 7.5), 
5 mM DTT, 5 mM MgClg, 2 mM y-^^P-ATP, 50 pM cyclic AMP, 
20 mM KF, and heart cyclic AMP-dependent protein kinase 
(4 X 10"^ U). Then 32p_incorporation into synthase (15) 
and conversion of synthase I to D were followed as de­
scribed above. Symbols are 
D activity; (# — #) amount 
X Q 3.9 
20 40 
INCUBATION 
I I 1— 
60 80 100 
TIME (min) 
Figura 4. Ihosphorylation and activation of phosphatase-treated 
phosphorylase. Skeletal muscle phosphorylase a was 
incubated at SO^C with purified heart phosphatase in a 
reaction mixture (400 pi) containing 50 mM Tris-Cl 
(pH 7.5), 5 mM DTI, 3,8 mg/ml ^^P-phosphorylase a, 2ind 
0.03 mg/ml heart synthase phosphatase preparation (from 
the second freeze-thaw step). At several intervals 
after the start of the reaction, aliquots (50 |al) were 
lemoved and 32pi released was determined as described 
under "MATERIALS AND METHODS". Five |jl aliquots were 
also removed, diluted, and assayed for phosphorylase 
(74). The ratio of the phosphorylase activities in the 
absence and presence of 2 mM AMP was calculated at each 
time point indicated in the figure and the value at zero 
time (0.75) was tîvlcen to be "100% phosphorylase a". The 
quantity referred to as "% phosphorylase a" was then 
determined by dividing the activity ratio by 0.75 and 
multiplying by 100. At 40 min (indicated by the arrow 
in the figure) 50 |al of the reaction mixture was removed 
and mixed with 50 p.l of a solution containing 200 mM Tris 
200 mM p-glycerophosphate (pH 8.7), 40 mM y-^^P-ATP, and 
1 fjg of muscle phosphorylase kinase. Then ^^P incorpora­
tion and conversion of phosphorylase b to a were followed 
as described above. Symbols are: (0---0) percent phos­
phorylase a activity; (#-—#) amount of 32p_phosphate on 
phosphorylase. 
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when phosphorylase a was used as substrate and the heairt synthase 
phosphatase preparation and skeletal muscle phosphorylase kinase 
were used as the converting enzymes. In this case, inactivation 
of phosphorylase was associated with dephosphorylat ion and the 
activation occurred parallel to the phosphorylation. 
The foregoing data clearly indicate that radioactivity released 
from the previously phosphorylated proteins in the presence of the 
heart synthase phosphatase preparation was a result of dephos-
phorylation of the substrates and not other mechanisms. 
Nature of the Heart Synthase Phosphatase 
Since the heart synthase phosphatase was not homogeneous 
(see Figure 8, for example), there was the possibility that the 
dephosphorylation of glycogen synthase D, phosphorylase a, active 
phosphorylase kinase, histone, casein was not catalyzed by the 
same phosphatase, but by one or more different phosphatases. At 
the same time, it was possible that synthase phosphatase, phos­
phorylase phosphatase, phosphorylase kinase phosphatase, histone 
phosphatase, and casein phosphatase might all be the same enzyme. 
Therefore, attempts were made to discriminate between pho^hatases 
present in the heart phosphatase preparation with activities on 
different substrates. 
Since skeletal muscle phosphorylase phosphatase was the most 
purified phosphoprotein phosphatase so fax reported and showed a 
relatively high degree of substrate specificity (72), the enzyme 
41 
was tested for activity on conversion of heart synthase D to I 
as well as on skeletal muscle phosphorylase a to b. This enzyme 
was compared to heart synthase phosphatase acting on the same two 
substrates. Table IV demonstrates that skeletal muscle phosphorylase 
phosphatase could convert heart synthase D into I. Likewise, the 
heart synthase phosphatase readily converted skeletal muscle 
phosphorylase a into b, as already shown in Figure 4. Thus, the 
conversion activities of both heart synthase phosphatase emd 
skeletal muscle phosphorylase phosphatase on the above substrates 
were similar. The result, along with parallel purification of 
synthase- and phosphorylase-phosphatase activities from heart, was 
suggestive of one enzyme acting on both substrates. 
The synthase phosphatase preparation from heart was chromato-
graphed on Sephadex G-lOO as shown in Figure 5. The phosphatase 
was included, indicating its molecular weight was lower than 
100,000, smd the phosphatase activities on the three substrates 
eluted with the same exclusion volume, separated from the major 
portion of the protein. 
Figure 6 shows the distribution of the phosphatase activity 
on three substrates sifter sucrose gradient centrifugation. Again 
the phosphatase activity migrated as one peak with all substrates 
and did not coincide with the major protein peak. Thus, the phos­
phatase activities on different substrates could not be separated 
on the basis of the sedimentation rate. From the activity peak 
of the phosphatase and peak positions of humam salivairy a-amylase 
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Table IV. Cross-reactivity of heart phosphatase and skeletal 
muscle phosphorylase phosphatase on skeletal muscle 
phosphorylase a and heart synthase D 
Substrate 
% Synthase I or 
Catalyst —————— 
Initial^ 
% Phosphorylase a 
Final^ 
Skeletal muscle 
phosphorylase 
phosphatase (mg/ml) 
Glycogen 0 4.8 4.5 
synthase D 0.2 4.8 60.8 
Heart synthase 
phosphatase (mg/ml) 
Glycogen 0 4.6 4.7 H 
synthase D 0.05 4.6 48.6 
Phosphory­ 0 100 100 
lase a® 0.05 100 58 
^he conversion of heart synthase D to I was carried out for 
20 nin under the dephosphorylation assay conditions described 
under "MATERIALS AND METHODS" except that 2 mM glucose 6-phosphate 
was added. The conversion of skeletal muscle phosphorylase a to 
b was carried out for 20 min under the dephosphorylation assay 
conditions described under "MATERIALS AND METHODS". The quanti­
ties referred to as "% synthase I" and "% phosphorylase a" were 
determined as described in the legend to Figures 3 and 4, respec­
tively. 
The concentration of synthase D was 0.05 mg/ml, i.e., ap­
proximately equal to its value. 
'^The skeletal muscle phosphorylase phosphatase was not tested 
on muscle phosphorylase a during these studies. Normally, phos­
phatase of this concentration would completely convert phosphory­
lase a (2 mg/ml) into b in 20 min under similar conditions. (Per­
sonal communication from Dr. T. M. Martensen, Iowa State University). 
"^The concentration of synthase D was 0.097 mg/ml, i.e., ap­
proximately twice the Km value. 
^The concentration of phosphorylase a was 1.91 mg/ml, i.e., 
approximately one and one-half times the Kjji value. 
Figure 5. Sephadex G-lOO column chromatography of heart phos­
phatase. Bovine heart phosphatase (0.8 mg) from the 
first freeze-thaw step was applied to Sephadex G-lOO 
column (0.9 x 15 cm) equilibrated with 50 raM Tris-Cl, 
5 mM D'rr, pH 7.5 and eluted with the same buffer at 
4°C. Fractions were assayed by dephosphorylation of 
32p_iabeled histone (O O) and ^^P-labeled phosphory-
lase a (Q—Q) as described under "MATERIALS AND 
METHODS". Synthase phosphatase (^ was assayed 
by conversion of synthase D into I in the presence of 
glucose 6-phosphate amd MgCl2 (28). Protein ( ) 
was determined by the method of Lowry et (80). 
32 Pi RELEASED (cpm,—) 
INCREASE IN % SYNTHASE'! (-—) 
f—'iuj/6ui) NI310y< 
Figure 6. Sucrose gradient centrifugation of heart phosphatase. 
Bovine heart synthase phosphatase (0.16 mg) from the 
second freeze-thaw step was loaded on a sucrose gradient 
(5-25% w/v, 5 ml) in 50 mM Tris-Cl, 5 mM DTT, pH 7.5. 
Gradients were centrifuged in a Beckmauti SW39 rotor at 
38,000 rpm for 18 hrs at 4°C as described under "MATERI­
ALS AND MIÎTHODS". Fractions were assayed for phospha­
tase activity with (O—O) his tone and (•—Q) phos-
phorylase a by the release of ^^Pi from the ^ ^P-labeled 
substrates as described under "MATERIALS AND METHODS". 
F'rotein ( ) was determined by the method of Lowry 
(80). Staaidard proteins were also run in 
identical gradients at the same time. The peak posi­
tions for humain salivary a-amylase (a-A), bacterial 
alkaline phosphatase (AP), and bovine hemoglobin (lib) 
are indicated by arrows. 
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(MW 55,200, s^Q ^ 4.60 (89)), hemoglobin (MW 64,500, s^Q ^  4.6 
(90)), and bacterial alkaline phosphatase (MW 80,000, s^^ ^  6.3 
(91)), the molecular weight of the heart phosphatase was estimated 
to be 65,000-70,000. The reported molecular weight of rat heart 
synthase phosphatase amd rabbit skeletal muscle phosphorylase phos­
phatase are approximately 50,000 (28,72). Since neither deter­
mination has been done accurately, they may in fact be the same. 
In contrast, Lee et (92) have recently shown that rabbit 
skeletal muscle and liver phosphorylase phosphatases have a 
molecular weight of about 30,000. 
Isoelectric focusing (pH ramge 3-10) of the heart phos­
phatase in a sucrose gradient (5-30%) is shown in Figure 7. The 
migration profile reveals only one phosphatase activity peak when 
assayed with three phosphoprote ins as substrates. The pi of the 
phosphatase was determined three times with the different substrates 
and an average of 5.0 was obtained. Thus, the phosphatase activi­
ties on different substrates could not be separated on the basis 
of isoelectric properties of the enzyme. 
The heart synthase phosphatase preparation was subjected to 
disc gel electrophoresis in 7.5% acrylamide and both phosphatase 
activity emd proteins were determined. Figure 8 shows the electro-
phoretic pattern of this preparation as well as phosphatase activi­
ties on histone and phosphorylase a. Enzyme activities were coin­
cident for both substrates but did not correspond to any major 
protein bainds on gel. Although contaminating proteins were well 
Figure 7. Isoelectric focusing of heart phosphatase. Isoelectric 
focusing was performed in an ISCO Model 212 preparative 
density gradient electrophoresis apparatus at 3°C for 
12 hrs (400V) as described under "MATERIALS AND METHODS". 
The central column contained 20 mis of sucrose gradient 
(5-30%, w/v), 0.3 mg of bovine heart synthase phos­
phatase from the second freeze-thaw step, 2.0% Ampho-
line (pH 3-10, LKB, Inc.), and 2 mM DTT. After pH 
measurements ( ), fractions were neutralized with 
2 M unneutralized Tris solution and assayed for phos­
phatase activity at 30°C for 60 min by the release of 
32pi from 32p_iabeled substrates as described under 
"MATERIAI^ AND METHODS". Curves indicate assays with 
(O — O) histone, (V V) synthase D, and (•—•) phos-
phorylase a as substrates. Absorbance at 280 nm ( -) 
was measured against a buffer blaoik. 
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Figure 8. Discontinuous polyacrylamide gel electrophoresis of 
heart phosphatase. Running gels (5 cm) were 7,5% 
acrylamide amd stacking gels (1 cm) were 2.5% acryla-
mide. Samples of bovine heart synthase phosphatase 
(23 p,g of the final enzyme) were layered on the gels 
in 50 |j.l of 15% sucrose smd 5 mM DTT. Electrophoresis 
was run (30C, 3 hrs, 2.5 ma per gel) in 24 mM Tris, 
190 mM glycine, 10 mM p-mercaptoethauiol, pH 8.4 as de­
scribed under "MATERIALS AND METHODS", Three identi­
cal gels were removed and one was stained for protein 
(designated by shadowed bands in the top panel) with 
Aniline Blue Black while the others were sliced into 
1.6 mm segments for enzyme assays. The slices were 
incubated with saturating concentrations of 32p_ 
histone (O—O) and 32p_phosphorylase a (#—#) 
(30OC, 3 hrs) ajid released was determined as de­
scribed under "MATERIALS AND METHODS". 
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separated from each other, the phosphatase activities on different 
substrates were not. The heairt enzyme preparation did not appear 
to be very pure by this criterion, a result that was also observed 
for skeletal muscle phosphorylase phosphatase (50). 
The heat stability of the heart phosphatase with several 
protein substrates is shown in Figure 9. The heart synthase 
phosphatase preparation was incubated at 37°, 55°, and 65°C and 
the activity was assayed at 30°C with each of the phosphoprotein 
substrates. The rate of decrease at 37°C in the phosphatase 
activities on histone, casein, phosphorylase a, and glycogen syn­
thase D was the same. At 55°C and 65°C, there was no difference 
in the activity assayed with either phosphorylase a or histone. 
Thus, there was no heterogeneity evident in the heat stability of 
the heart phosphatase with various substrates. 
None of the attempts to sepairate phosphatase activities of 
the heart phosphatase preparation on glycogen synthase D, phos­
phorylase a, or histone were successful. Therefore, it seems 
likely that the various phosphatase activities were due to one 
enzyme . 
Kinetic Studies of the Heart Phosphatase 
In order to determine the effectiveness of each protein as a 
substrate for the heairt phosphatase, kinetic studies were carried 
out. The apparent K^'s of the enzyme for glycogen synthase D, 
phosphorylase a, and hi stone are compiled in Table V, The 
Figure 9. Heat stability of heart phosphatase. Bovine heart 
synthase phosphatase from the second freeze-thaw 
step was diluted in 50 mM Tris-Cl, pH 7,5 and incu­
bated at 37°, 55", or 650C. At the times indicated 
in the figure, aliquots were removed and assayed for 
enzyme activity by dephosphorylation of the appropriate 
substrates as described in "MATERIALS AND METHODS". 
The data points indicate activity remaining relative 
to the original activity when assayed with (O) histone, 
(#) casein, (^) synthase D, and (Q) phosphorylase a. 
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Table V, Michaelis constants of heart phosphatase for various substrates 
K for substrate 
_ ^. m 
Concentration 
of MgClg 
Glycogen synthase D Phosphorylase a Histone 
mM laM phosphate^ mg/ml*^ |aM phosphate^ mg/ml^ [aM phosphate^ mg/ml^ 
0 5.2 0.08 14 1.25 3.7 0.92 
10 3.3 0.05 20 1.82 3.7 0.93 
35 6.0 1.50 
100 32 2.94 9.4 2.35 
di • 32 The apparent K •s of the heart phosphatase were determined by the rate of Pi re­
lease from 32p_iabeled substrates. The assay mixtures contained various aunounts of sub­
strate and MgCl2 as indicated in the table. Other assay conditions are described under 
"MATERIALS AND METHODS". 
values are expressed as concentrations of phosphate incorporated into the sub­
strate during preparation of each substrate (see footnote 3 under "RESULTS"). 
values are expressed as protein concentrations of the substrates. For glycogen 
synthase D (an impure substrate in these experiments), the concentration was calculated 
by assuming a specific activity of 20 (u/mg) for pure synthase D (see the assumptions 
made under "RESULTS"). 
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2+ 
of the heart phosphatase for heart synthase D was 5.2 p,M and Mg 
(10 mM) decreased the value by 40%. These values axe two- to 
three-fold higher than those reported for dephosphorylation of 
skeletal muscle synthase D by skeletal muscle phosphatase (47,53). 
The differences might be due to both the source of the substrates 
and the catalysts. The of the heart phosphatase for skeletal 
muscle phosphorylase a was 14 [iM or two-fold higher than the 
value reported with skeletal muscle phosphorylase phosphatase (50). 
The difference may be attributed to the difference in the source 
of the catalyst, since the substrate was the same for both phos­
phatases aoad the assay conditions were virtually identical. The 
apparent of skeletal muscle phosphatase for histone was re­
ported to be 6 |jM both in the presence aind absence of low con-
2+ 
centration of Mg (47). This value is similar to that reported 
here for the heart enzyme with 35 mM MgCl^. The for his tons 
of the heart enzyme increased with increasing concentrations of 
the cation. 
2+ 
The above results (Table V) clearly show that Mg has dif­
ferential effects on the kinetic constant of the heart phosphatase, 
i.e., the cation increases the affinity of the enzyme for synthase 
D but decreases that for phosphorylase a and histone. The enzyme 
has a higher affinity for synthase D and histone than for phos­
phorylase a but has a higher catalytic rate of dephosphorylation 
with phosphorylase a than with synthase D and h is tone with sub­
strate concentrations twice the values (Table II). 
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Inhibition of synthase D dephosphorylation by phosphorylase 
a or histone was studied by assaying with various concentrations 
32 
of P-labeled synthase D and fixed amounts of non-radioactive 
phosphorylase a or phosphorylated histone (Figure 10). Similar 
32 
experiments were also done with P-phosphorylase a as substrate 
and phosphorylated histone as inhibitor (Figure 11), and with 
32 
P-histone and non-radioactive phosphorylase a (Figure 12). 
Since magnesium ion has discriminatory effects on the heart phos­
phatase activity on synthase D, phosphorylase a, sind his tone 
(Table V) and these effects probably reflect differences in sub­
strate conformation, it was not possible to do these kinetic ex­
periments under optimal conditions for all the proteins studied. 
Therefore, assays were done at 10 mM MgCl^» a condition which was 
optimal for synthase phosphatase reaction, suboptimal for histone 
phosphatase activity, and inhibitory for phosphorylase phosphatase. 
Figure 10 shows that histone was a competitive inhibitor 
of the heart phosphatase when synthase D was the substrate. His-
tone (2.1 mg/ml or 2.3 x K ) increased the K for synthase D 
^ m' m 
four-fold (from 0.05 to 0.2 mg/ml). The double reciprocal plot 
on the lefx of Figure 10 demonstrates that phosphorylase a was a 
mixed-type inhibitor of the heart synthase phosphatase under these 
assay conditions. Phosphorylase a. at 2.4 mg/ml (1.32 x K^) pro­
duced a two-fold increase in the for synthase D with only a 
small decrease in V . Figure 11 shows that histone was a mixed-
m 
type inhibitor of the heart phosphatase reaction with phosphorylase 
Figure 10. Inhibition of synthase D dephosphorylation by phos-
phorylase a and histone. The assay mixtures contained 
various amounts of 32p_iabeled synthase D with added 
non-radioactive phosphoproteins as indicated in the 
figure. The rate of 32pi release from the substrate 
by the bovine h<>art phosphatase was determined in the 
presence of 10 rulvl MgClg under the assay conditions 
described under "MATERIALS AND METHODS". a. (left) 
inhibition by pliosphorylase a; (o) no additions ; 
(•) 0.9 mg/ml phosphorylase a; (À) 2.4 mg/ml phos-
phoryla.se a. b., (right) inhibition by his tone; (O) 
no additions; (||) 0.5 mg/ml histone; (A) 2.1 mg/ml 
histone. 
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Figure 11. Inhibition of phosphorylase a dephosphorylation by 
histone, The assay mixtures contained various amounts 
of 32p_iabeled phosphorylase a with the following con­
centrations of non-radioactive phosphorylated histone: 
(O) no addition; (•) 1.15 mg/mlj (^) 2.45 mg/ml. The 
rate of 32pi release from the substrate was determined 
in the presence of 10 mM MgCl2 under the assay condi­
tions described under "MATERIALS AND METHODS". 
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Figure 12. Inhibition of histone dephosphorylation by phos­
phorylase a. The assay mixtures contained vaorious 
amounts of ^^P-labeled histone with the following 
concentrations of non-radioactive phosphorylase a: 
(O) no addition; (Q) 0,58 mg/ml; (^) 2.92 mg/ml, The 
rate of 32pi release from the substrate was deter­
mined in the presence of 10 mM MgCl2 under the assay 
conditions described under "MATERIALS AND METHODS", 
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a as substrate. The for phosphorylase a increased approximately 
1.4-fold in the presence of 2.45 mg/ml (2.63 x K^) histone. With 
his tone as radioactive substrate for the heaxt phosphatase, mixed-
type inhibition kinetics was obtained with phosphorylase a as 
inhibitor (Figure 12). The for histone increased one and one-
half fold when 2.92 mg/ml (1.61 x K^) phosphorylase a was added 
to the assay mixture. 
Since the cation effect on K varies for each substrate 
m 
(Table V), it should be of considerable interest to further study 
the inhibition kinetics of this phosphatase under other assay con-
2+ ditions, i.e., various Mg concentrations. In any case, the in­
crease in K^'s and the competitive (either pure or mixed-type) 
nature of inhibition kinetics in the presence of added alternative 
substrate are suggestive that synthase D, phosphorylase a, and 
histone are ail substrates of the same phosphatase. 
Control Properties of the Heart Phosphatase 
Figure 13 shows the pH profile for the heart synthase phos­
phatase reaction in various buffers including MES, MOPS, and 
HEPES (93) which have a good buffering capacity at pH ranges 
where Tris buffer has a poor capacity. The profile is very similar 
to those previously published for skeletal muscle phosphatase (47) 
and for liver and brain histone phosphatases (75,94). In all 
cases, the pH optimum is near neutrality. The optimum pH for 
heart phosphatase was shifted to 7.5 when Tris-maleate buffer was 
Figure 13. The pH profile of heart synthase phosphatase. The 
bovine heairt synthase phosphatase was assayed by 
release of 32pi from 32p_iabeled synthase D in the 
presence of 5 mM DTT, 5 mM MgClg, and 2 mM glucose 
6-phosphate at the indicated pH. The concentration 
of glycogen synthase D was 0.05 mg/ml. Buffers 
used (50 mM) were: (O) MES; (#) MOPS; (Q) HEPES; 
(•) Tricine; (^) Tris-CI; and (V) Tris-maleate. 
Other assay conditions aoid methods are described 
under "Î-IATERIALS AND ÎÎETKODS". 
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used, and the buffer inhibited the activity approximately 30 per­
cent. 
The role of sulfhydryl groups in the phosphatase-catalyzed 
reaction was examined as shown in Table VI. In the absence of a 
reducing agent phosphatase activity was present with either syn­
thase D or histone as substrate, but DTT activated the heart 
phosphatase approximately three-fold. (It should be noted that the 
phosphatase was stored without a reducing agent when frozen.) DTNB 
(2 mM) nearly abolished the activity on synthase D while it in­
hibited the histone phosphatase activity much less. Thus, the 
heart phosphatase requires a sulfhydryl agent for its maximum 
activity on these two substrates. 
The effects of cations on the heart phosphatase were deter­
mined with synthase D, phosphorylase a, and histons as substrate. 
Table VII shows that all the cations tested were inhibitory for 
phosphatase activity on phosphorylase a, as has been reported in 
previous studies of phosphorylase phosphatase (95,96). Monovalent 
cations were less inhibitory than divalent cations. Phosphatase 
activities on synthase D and histone were virtually unaffected 
by monovalent cations^, but Mn"^, Mg^^. and Ca"^ were good acti­
vators. Other divalent cations were inhibitory with these 
4 
At concentrations higher than 20 mN, KCl gave almost same 
activation of heart histone phosphatase activity as MgCl^ did at 
concentrations of same normality. The same activation effect 
by KCl and MgCl^ has a]so been reported for skeletal muscle and 
liver histone phosphatases (47,75), and this may be due to an 
ionic strength effect on the substrate. 
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Table VI. Effect of DIT and DTNB on heart phosphatase activity' 
Relative activity 
Addition Substrate 
Synthase D Histone 
% 
None 100 100 
2 mM DTT 337 296 
2 mM DTNB 8.4 37 
^The heart phosphatase activity was determined by release 
of 32pi from 32p_iabeled synthase D (0.1 mg/ml) or histone (3 
mg/ml) at 30OC in the presence or absence of DTT and DTNB. The 
reaction time was 10 min emd other assay conditions were as de­
scribed under "MATERIALS AND METHODS". 
^The activity is expressed relative to that without addi­
tions for each substrate. 
69 
Table VII. Cation specificity for heart phosphoprotein phos-
phatasea 
Relative activity^ 
Addition Substrate 
(14 mM) Synthase D Histone Phosphorylase a 
None 
% 
100 
% 
100 
% 
100 
NH4CI 110 100 81 
LiCl 128 100 81 
NaCl 102 108 83 
KCl 120 109 88 
MgClg 256 238 60 
CaCl2 126 232 50 
MnClg 361 280 51 
C0CI2 0 0 3 
NiCl2 10 20 4 
CUCI2 0 0 0 
ZnClg 0 5 0 
Hgci^ 0 0 0 
FeCla 0 0 0 
AICI3 0 0 0 
^he assay mixture contained 50 mM Tris-Cl (pH 7.5), 5 mM DTT, 
14 mM each cation (chloride salt), the 32p«iabeled substrate, and 
the heart synthase phosphatase preparation. The substrate concen­
trations were 0.12 mg/ml for synthase D, 1.38 mg/ml for histone, 
and 1.88 mg/ml for phosphorylase a. 
^Activity was measured by dephosphorylation as described under 
"MATERIALS AND METHODS" and is expressed relative to that without 
added cation for each substrate. 
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substrates. Thus, the cation specificity for heart phosphatase 
with synthase D and histone as substrates is the same, but quite 
2+ 2+ different from that with phosphorylase a as substrate. Co , Ni , 
2+ 2+ 3*4* 3+ 
Cu , Hg , Fe , aind A1 were potent inhibitors of the phospha-
tase-catalyzed reaction with any of the three substrates. 
Effects of inorgajiic anions on the heart phosphatase were 
also investigated (Table VIII). Most of the anions tested were 
inhibitory to the phosphatase-catalyzed reaction with aoiy of the 
three substrates, however, the phosphatase activity was more 
sensitive with synthase D or phosphorylase a as substrate than 
with histone as substrate. As was shown for skeletal muscle phos­
phatase with synthase D and histone as substrates (47), pyro­
phosphate was the most potent inhibitor of the heart phosphatase 
followed by Pi and F . Fluoride ion has been shown to be inhibi­
tor of rat heart synthase phosphatase (28), liver histone phos­
phatase (75), skeletal muscle phosphorylase phosphatase (50), and 
skeletal muscle phosphorylase kinase phosphatase (46). Sulfate 
and sulfite were good inhibitors of the phosphatase reaction with 
synthase D or phosphorylase a as substrate but activators with 
histone as substrate. It has been suggested that the inhibitory 
effect of Pi and 50= on heart synthase phosphatase activity is 
largely due to their effect on the substrate, synthase D (28). 
Martensen et (97) indicated that the inhibition by Pi of 
skeletal muscle phosphorylase phosphatase was solely through its 
binding to the catalyst. The apparent stimulatory effect of 
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Table VIII. Anion specificity for heart phosphoprotein phos-
phatase^^ 
Addition 
(14 mM) Synthase D 
Relative activity 
Substrate 
Histone 
% 
Phosphorylasc a 
None 
NaF 
NaCl 
Na^HPO^ 
^^72°7 
NaHCO, 
NaNO, 
NagSO^ 
NagSO^ 
100 
31 
102 
0 
6 
49 
70 
53 
53 
700 
67 
111 
65 
15 
79 
83 
152 
144 
100 
37 
83 
16 
8 
64 
78 
32 
24 
^The assay mixture contained 50 mM Tris-Cl (pH 7.5), 5 mM 
DTT, 14 mM of each anion (sodium salt), the ^^P-labeled sub­
strate, and the heart synthase phosphatase preparation. The sub­
strate concentrations were 0.12 mg/ml for synthase D, 1.38 mg/ml 
for histone, cOid 1.88 mg/ml for phosphorylase a. 
^Activity was measured by dephosphorylation as described 
under "MATERIALS AND METHODb" and is expressed relative to that 
without added aoiion xor each substrate. 
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sulfate and sulfite on the heart histone phosphatase activity could 
be explained by the cation effect on the reaction, because the total 
increase in ionic strength due to the counter ion (Na*) was greater 
for these salts tham for any other except phosphate and pyrophos­
phate. However, phosphate amd pyrophosphate still exhibited in­
hibition, These two ainions may be rather specific inhibitors, 
since any inhibitory effect of these ions must overcome the acti­
vation induced by aoi increased ionic strength. Chloride had 
virtually no effect on the heart phosphatase activity with synthase 
D or histone as substrate, but was a weak inhibitor of the activity 
with phosphorylase a as substrate. 
The effects of metabolites on heart phosphatase activity are 
shown in Table IX. Phosphatase activity on phosphorylase a was 
strongly inhibited by adenosine amd uridine nucleotides and some­
what less inhibited with synthase D. There was no apparent speci­
ficity for this inhibition since all nucleotides were equally effec­
tive. The heart phosphatase activities were also inhibited by 
phosphory1ated carbohydrate esters, such as 6-phosphogluconate, 
glucose 1-phosphate, glucose 1,6-diphosphate, fructose diphosphate, 
phosphoenol pyruvate- a-glycerophosphate, and creatine phosphate. 
In contrast, glucose 1-phosphate, glucose 1,6-diphosphate, amd 
cyclic AMP were slightly inhibitory on the heart phosphatase 
activity on histone, but other phosphoesters were somewhat stimula­
tory or ineffective. The lack of a nucleotide effect on heart 
histone activity is consistent with previous observations with the 
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Table IX. Metabolite specificity for heart phosphoprotein phos­
phatases-
Relative activity 
Addition^ Substrate 
(1.4 mM) Synthase D Histone Phosphorylase a 
% % % 
None 100 100 100 
Glucose 109 101 106 
Glucose 6-phosphate 100 100 109 
6-Phosphogluconate 89 124 72 
Glucosamine 6- 109 117 102 phosphate 
Glucose 1-phosphate 87 86 54 
Glucose 1, 45 84 28 6-diphosphate 
Fructose diphosphate 59 122 54 
Phosphoenol pyruvate 71 115 67 
a-Glycerophosphate 96 100 64 
Creatine phosphate 80 100 73 
AMP 55 102 10 
ADP 55 104 12 
ATP 47 107 15 
UMP 58 102 16 
UDP 52 100 26 
UTP 44 108 21 
Cyclic AMP (1 mM) 115 83 83 
Cyclic AMP (1 |j.M) 110 87 97 
^The assay mixture contained 50 mM Tris-Cl (pH 7.5), 5 mM 
DTT, 1.4 mM additions (concentrations of cyclic AMP were 1 mM and 
1 MM as indicated in the table), the ^^P-labeled substrate, and 
the heart synthase phosphatase preparation. The substrate con­
centrations were 0.12 mg/ml for synthase D, 1.38 mg/ml for his-
tone, and 1.88 mg/ml for phosphorylase a. 
^All metabolites were sodium salts and were neutralized 
before use. 
^Activity was measured as described under "MATERIALS AND 
METHODS" and is expressed relative to that without an added 
metabolite. 
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skeletal muscle (47) aind brain his tone phosphatase (94). Thus, 
effects of metabolites on the heart phosphatase activities vary 
with different substrates. 
Glucose 6-phosphate and glucosamine 6-phosphate did not 
activate the dephosphorylation of synthase D in contrast to the 
stimulatory effect of these molecules on the rate of conversion 
of synthase D into I previously described for rat heart phos­
phatase (28). However, no attempt has been made in this thesis 
to analyze the mechanism(s) involved in these contradictory ef­
fects when the heart phosphatase was assayed by different methods. 
Although glucose and glucose 6-phosphate stimulated skeletal muscle 
phosphorylase phosphatase (98), these carbohydrates had essentially 
no effect on the heart phosphatase with phosphorylase a as sub­
strate at 30°C. This discrepancy may be due to a temperature 
dependence of activation of the skeletal muscle phosphorylase 
phosphatase by these carbohydrates as reported by Martensen 
et al. (98). 
Some other organic compounds and non-enzymic proteins were 
tested for their effects on the heart phosphatase with synthase 
D, phosphorylase a, and histone as substrates (Table X). Glucose 
6-sulfate, phospho-serine, phospho-threonine, formate, acetate, 
ajid theophylline had little or no effect on the phosphatase 
activities with any of the above substrates. All other compounds 
tested had little or no effect on the phosphatase activity on 
histone with the exception of activation by EDTA and EGTA. On 
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Table X. Effects of miscellaneous compounds on heart phospho-
protein phosphatase activity^ 
Relative Activity 
Addition Concentration Substrate 
Synthase D Histone Phosphorylase a 
mM % % % 
None 100 100 100 
Glucose 
ô-sulfate 1.4 100 100 101 
Phospho-
serine 1.4 100 101 99 
Phospho-
threonine 1.4 85 99 92 
p-N itrophenyl 
phosphate 1.4 60 98 41 
Formate 1.4 107 101 108 
Acetate 1.4 109 97 103 
Citrate 1.4 68 110 100 
Theophy11ine 1.4 93 95 110 
EDTA 14 23 175 35 
EGTA 14 55 127 83 
Rabbit liver 1 (mg/ml) 88 100 99 
glycogen 10 37 116 91 
Bovine serum 1 (mg/ml) 95 101 92 
albumin 5 101 112 79 
Gelatin 
1 (mg/mi) 
5 
128 
110 
92 
99 
31 
10 
^Assays were carried out as described in Table IX except with 
additions as indicated. 
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the other hand, the phosphatase when assayed with synthase D or 
phosphorylase a as substrate was affected by several materials. 
Para-nitrophenyl phosphate, EDTA, and EGTA were inhibitory with 
both the synthase D and phosphorylase a as substrates. Citrate and 
rabbit liver glycogen were good inhibitors of the synthase phos­
phatase, but had virtually no effect on phosphorylase phosphatase 
activity. Bovine serum albumin and gelatin were inhibitory with 
phosphorylase a as substrate but almost ineffective with synthase 
D. Thus, there are specific effects by some organic compounds on 
the heart phosphatase-catalyzed reaction with each substrate. 
Since glucose 6-phosphate is a specific positive allosteric 
effector of glycogen synthase D (6,23), an experiment was run to 
determine whether glucose 6-phosphate had any effect on the heart 
synthase phosphatase activity measured by dephosphorylation in the 
presence of inorganic ions. Table XI shows that glucose 6-phosphate 
had no stimulatory effect per se on The synthase phosphatase in the 
absence of added ions, in the presence of monovalent cations, and 
2+ 2+ in the presence of stimulatory divalent cations (Mg , Ca , and 
2+ 
Mn ). However, glucose 6-phosphate partially reversed the in­
hibition of the synthase phosphatase by some anions and cations. 
In particular, the inhibition by orthophosphate, pyrophosphate, 
aind heavy metals was significantly decreased, while that by HCO~-
CO~, NOg, SO^, and SO" was completely reversed. Fluoride inhibi­
tion was not affected by glucose 6-phosphate. These results sug­
gest that glucose 6-phosphate does not interact with the F 
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Table XI. Glucose 6-phosphate effects on the inorganic ion 
specificity for heaart synthase phosphatase activity 
Relative activity (%)^ 
Addition 
(7.0 mM) Glucose 6-phosphate 
+2 mM 
None 100 100 
NH^Cl 104 114 
LiCl 111 124 
NaCl 101 104 
KCl 112 106 
MgClg 229 220 
CaCl^ 120 128 
MnCl^ 329 331 
CoCl^ 0 37 
NiCl^ 12 51 
CuClg 0 24 
ZnClg 0 23 
HgCl^ 0 20 
FeClg 0 22 
AICI3 0 20 
NaF 47 45 
Na^HPO^ 15 71 
^^4^2*^7 9 29 
NaHCO 63 99 
NaNO^ 86 101 
NagS^^ 51 101 
Na^SO^ 65 98 
^The assay mixture contained 50 mM Tris-CI (pH 7.5), 5 mM 
DTT, 7 mM additions (with or without 2 mM glucose 6-phosphate), 
32p_iabeled synthase D (0.12 mg/ml) and the heart synthase phos­
phatase preparation. 
^Activity was measured by dephosphoryiation as described 
under "MATERIALS AND METHODS" and is expressed relative to that 
without additions. 
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inhibition site but it does with the site of inhibition by other 
ions. Therefore, F might interact with the phosphatase and the 
other ionic inhibitors might interact with glycogen synthase D 
since previous data from our laboratory indicates that glucose 
6-phosphate acts on synthase not on phosphatase (28). 
2+ 
Since Mg has a stimulatory effect on the glycogen synthase-
catalyzed reaction (8,28), i.e., synthesis of glycogen, this 
divalent cation was also tested on the synthase phosphatase-
2+ 
catalyzed reaction (Table XII). Mg itself could stimulate the 
dephosphorylation reaction of the heart synthase phosphatase ap­
proximately two-fold regardless of the kind of metabolite present, 
but in addition could stimulate the enzyme more tham two-fold with 
2+ 
several inhibitory metabolites. That is, Mg partially reversed 
the inhibition of the synthase phosphatase by metabolites, such 
as 6-phosphogluconate, glucose 1,6-diphosphate, fructose diphos­
phate, phosphoenolpyruvate, adenosine and uridine nucleotides, and 
citrate. This result might explain the lack of nucleotide inhibi­
tion of the skeletal muscle synthase phosphatase activity that 
was reported by Kato and Bishop (47) when they assayed in the 
2+ Table XII. Mg effects on the metabolite specificity for heart synthase phosphatase 
activity^' 
Addition 
(1.4 mM) 
Relative activity (%) 
-MgCl, 
None 
Glucose 
Glucose 6-phosphate 
6-Phosphogluconate 
Glucosamine 
6-phosphate 
Glucose 1-phosphate 
Glucose 1, 
6-diphosphate 
Fructose diphosphate 
Pho sphoenoIpyruvate 
a-Glycero phosphate 
Creatine phosphate 
AMP 
100 
109 
100 
89 
109 
87 
45 
59 
71 
96 
80 
55 
+5 mM MgCl, 
215 
247 
215 
209 
232 
183 
183 
221 
200 
232 
198 
191 
Increase in activity 
by Mg2+ 
(fold) 
2 .2  
2.3 
2.2 
2.3 
2.1 
2.1 
4.1 
3.7 
2.8  
2.4 
2.5 
3.5 
ADP 55 181 3.3 
ATP 47 217 4.6 
UMP 58 183 3.2 
UDP 52 204 3.9 
UTP 44 178 4.0 
Cyclic AMP (1 mM) 115 215 1.9 
Cyclic AMP (1 MM) 110 211 1.9 
Formate 107 215 2.0 
Acetate 109 230 2.1 
Citrate 68 249 8.7 
^The assay mixture contained 50 rnM Tris-Cl (pH 7.5), 5 mM DTT, 1,4 mM additions 
(the concentrations of cyclic AMP were 1 mM and 1|aM as indicated in the table) with or 
without 5 mM MgClg, ^ ^P-labeled synthase D (0.12 mg/ml) and the heart synthase phos­
phatase preparation. 
^All additions were sodium salts; and neutralyzed before use, 
^Activity was measured by dephosphorylation as described under "I-IATERIALS AND 
METHODS" and is expressed relative to that without additions. 
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DISCUSSION 
The bovine heart synthase phosphatase described in this thesis 
was purified 150-fold with 7% recovery. In contrast, Kato and 
Bishop (47) recently obtained 1,000-fold purification of the 
enzyme from rabbit skeletal muscle with 75% recovery. The puri­
fication procedure used with the skeletal muscle enzyme included 
a Sephadex G-200 column chromatography step which was not used in 
the purification of the heart enzyme. This might account for the 
greater purification obtained with the skeletal muscle enzyme thaon 
with the heart enzyme. Most (75%) of the heart phosphatase activ­
ity eluted from the DEAE-cellulose column was lost because only 
fractions that contained no synthase, phosphorylase, and protein 
kinase were used for subsequent purification. This might be 
responsible for the low yield of enzyme in our heart preparation. 
Further purification of the heart enzyme was not attempted beyond 
the freeze-thaw step, since the recovery of the enzyme was low by 
our procedure. However, our attempts to separate glycogen synthase-, 
phosphorylase- and histone-phosphatases by Sephadex G-lOO column 
chromatography, sucrose gradient centrifugation, and disc gel 
electrophoresis suggest that more substantial purification can 
be easily achieved with the heart enzyme. 
The elution profile of the heart synthase phosphatase on 
DEAE-cellulose was rather broad. It is not yet clear whether 
this broad peak represents one phosphatase activity or a mixture 
of several distinct phosphatase activities, since contaminating 
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proteins, including substrates for the phosphatase, various in­
hibitors and activators, and the NaCl used for elution, may have 
interfered with the assay methods for the phosphatase in the 
coluTui fractions. Nevertheless, the elution patterns of the 
phosphatase activities with synthase D, phosphorylase a, and 
histone as substrates are quite simiiaz. The synthase phosphatase 
32 32 
assay based on the release of Pi from added P-synthase D may 
not have accounted for the actual rate of dephosphory1 at ion of 
synthase D in all fractions (i.e., 100-200 œN NaCl) since there 
was a considerable contamination of some fractions by synthase. 
32 This contaminant was not labeled with P, ajid it is most likely 
that the apparent phosphatase activity determined in these frac­
tions was much lower than the actual activity of the synthase 
phosphatase. In addition, our kinetic experiments indicate that 
one substrate may inhibit the dephosphorylation of another and 
the presence of phosphorylase a or some other phosphoproteins may 
account for an inhibition of the synthase phosphatase assay in 
the early fractions from the column. These may be major reasons 
that the elution patterns of synthase- and histone-phosphatase 
activities do not appear to be identical when in fact they are. 
The very minor differences in the profiles of phosphorylase- and 
histone-phosphatase activities on DEAE-cellulose may also be ex­
plained in this way. 
The bovine heart glycogen synthase phosphatase preparation 
used in this study was capable of dephosphorylating glycogen 
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synthase D, phosphorylase a, active phosphorylase kinase, and 
phosphorylated histone and casein. Gel filtration, sucrose gradient 
centrifugation, isoelectric focusing, and disc gel electrophoresis 
of this preparation could not separate the phosphoprotein phos­
phatase activities on synthase D, phosphorylase a, and histone. 
Phosphatase activity with each of the above substrates was equally 
affected by incubation of the enzyme preparation at elevated tem­
peratures. Moreover, the activities on phosphorylase a and histone 
were co-purified with the activity on synthase D. The of the 
heart enzyme for synthase D was increased by phosphorylase a or 
histone, the for phosphorylase a was increased by histone, emd 
that for histone was increased by phosphorylase a. Therefore, it 
is probably that this phosphatase preparation, purified as glyco­
gen synthase phosphatase, contains one enzyme that is responsible 
for the observed activity on several different substrates. Al­
though not all of the experiments were carried out on all of the 
substrates, the above statement is still appropriate because in 
no instance was separation of amy of the phosphatase activities 
observed. 
The above conclusion is in good agreement with the results 
reported by Kato and Bishop (47) and Zieve and Glinsmajin (48) 
for skeletal muscle synthase phosphatase, except that Kato and 
Bishop reported that phosphorylase a was not converted into b by 
the enzyme. Villar-Palasi (53) also demonstrated that phosphorylase 
a did not affect the for synthase D with a partially purified 
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skeletal muscle synthase phosphatase indicating that phosphorylase 
a did not act as substrate for this prepsoration. This discrepancy 
with our present results may partly be explained by differences in 
assay conditions or in the source of synthase phosphatase. For 
example, Kato emd Bishop (47) used an assay system where bovine 
2+ 
serum albumin and Mn or EDTA were present. These compounds 
are inhibitors of the heart phosphatase activity on phosphorylase 
a, and could explain these workers' failure to observe conversion 
of phosphorylase a to b. It is of peirticular interest that 
Bishop suggested the presence of two interconvertible forms of 
the liver synthase phosphatase (21), and Laxner and Villar-Palasi 
(5) also proposed two forms of the enzyme in liver based on the 
short- and long-term effect of insulin on the synthase phosphatase 
activity observed by Gold (22). In addition, active ?T>d inactive 
forms of phosphorylase phosphatase have been indicated in adrenal 
cortex, liver, ajid muscle (99-102). It might be possible that 
the two forms of these phosphatases, if such do exist, differ in 
their substrate specificity. If heart synthase phosphatase pre­
pared by us was a different form them that purified from skeletal 
muscle, aind these forms had a different substrate specificity, the 
differences noted above on the action of synthase phosphatase on 
phosphorylase might be resolved. Two or more distinct activities 
of synthase phosphatase were not detected during purification 
of the heart phosphatase, but no conclusion can be made as to 
the presence of more than two forms of synthase phosphatase in 
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heart, since no method for detecting the two forms by assay is 
known and there appears to be no physical sepairation in our 
preparation. However, it should be pointed out in this regard, 
that the phosphatase described in this thesis may not be the only 
phosphoprote in phosphatase present in heart tissue, since the 
enzyme represents only a small fraction of the total activity in 
a crude heart extract, i.e., 7%. 
Phosphatases reported to be specific for histone and pro­
tamine were found in rat liver (75) and brain (94), and for 
casein and phosvitin in rat liver (103). However, these enzymes 
were not tested for activity on enzymes such as glycogen synthase, 
phosphorylase, and phosphorylase kinase. Therefore, re-evaluation 
of the substrate specificity of these enzymes is required for 
their nature to be specified. 
The substrates for skeletal muscle phosphorylase phosphatase 
so fax reported are phosphorylase a, phosphopeptides derived from 
tryptic attack of phosphorylase a, and an inhibitor component of 
troponin (50,72). This thesis reports that heart synthase D also 
serves as a substrate of the skeletal muscle phosphorylase phos­
phatase. It should be mentioned that Table IV clearly demonstrates 
a cross-reactivity between heart synthase D and skeletal muscle 
phosphorylase phosphatase and between heart synthase phosphatase 
and skeletal muscle phosphorylase a. 
The physiological significcoice of the results presented in 
this thesis may be related to the observation by Stalmans et al. 
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(62) that indicates that phosphorylase a plays aui important inhibi­
tory role in the regulation of glycogen synthase phosphatase in 
liver. This may also be true in heart, since one phosphatase is 
capable of acting on both synthase D and phosphorylase a. The 
approximate concentrations^ of glycogen synthase and of phos-
2+ phorylase in heart tissue axe one-third of the values (no Mg ) 
of the heart phosphatase for synthase D and phosphorylase a, re­
spectively. Although the phosphatase has higher affinity for 
synthase D than for phosphorylase a, the enzyme has higher cata­
lytic activity with phosphorylase a than with synthase D at the sub­
strate concentration twice the K value. Therefore, it is likely 
m 
that under certain conditions the conversion of phosphorylase a 
to b occurs faster than that of synthase D to I. In any case, a 
unique regulatory system is present in heart where the phospho-
protsin phosphatase turns on synthase-catalyzed glycogen formation 
and turns off phosphorylase-catalyzed glycogen degradation. 
Since the substrate (synthase D) as well as the catalyst 
(synthase phosphatase) are protein molecules, any modifier which 
affects the synthase phosphatase reaction may exert its effect 
through interaction with the substrate and/or the catalyst. This 
thesis provides evidence that the heart synthase phosphatase prep­
aration contains one enzyme which is capable of dephosphorylating 
5 The concentrations were calculated by using the data in Table 
I and the following assumptions: (1) Specific activity of synthase 
is 20 u/ml; (2) Specific activity of phosphorylase is 100 u/ml; 
(3) Water content of heart tissue is 85% of the wet weight. 
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synthase D, phosphorylase a, aoid histone. Therefore, a demon­
stration of differential effects of a modifier on the phosphatase 
activities on different substrates could be indicative of its 
substrate-directed effect. Modifiers which showed such effects 
on heart phosphatase with different substrates are compiled in 
Table XIII. For example, Mg , Ca , and Mn are activators of 
the phosphatase with synthase D or histone as substrate, while 
these divalent cations are inhibitors of phosphorylase phosphatase 
activity. Adenosine and uridine nucleotides are ineffective on 
the phosphatase activity on histone but are inhibitory on the 
activity on synthase D and phosphorylase a. Inhibition by citrate 
and glycogen appears to be very specific for the synthase phos­
phatase and inhibition by albumin and gelatin is specific for 
phosphorylase phosphatase. These results cannot be explained 
solely by their effects through the catalyst, phosphatase, be­
cause a purely catalyst-directed effect should give the same 
effect on the phosphatase activities on different substrates. 
Possible mechanisms for the observed differential effects on the 
heart phosphatase activity are as follows: (1) An interaction 
of a modifier with the substrate functions to control (or charxge) 
the relative suitability of each potential substrate for the 
enzyme. The effect, whether it results in decrease or increase 
in the reactivity as substrate, varies from one substrate to 
another; (2) An interaction of a modifier with the catalyst func­
tions to control (or change) the intrinsic binding and catalytic 
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Table XIII. Summary of modifier effects on heart phosphatase with 
synthase D, histone, and phosphorylase a as sub-
strate& 
Modifier added to 
phosphatase reaction 
Substrate 
Synthase D Histone Phosphorylase a 
yin^* 
EDTA, EGTA 
6-Phosphogluconate 
Fructose diphosphate 
Phosphoenol pyruvate 
Nucleotides 
D-NitroDhenvl chosDhate O 
Citrate 0 
Rabbit liver glycogen 0 0 
Bovine serum albumin 
Gelatin 
^his table was compiled from the data in Tables VII, IX, 
and X. Symbols are: (+) Phosphatase activity was stimulated by 
addition of a modifier; (-) Phosphatase activity was inhibited by 
addition of a modifier; (0) Added modifier had essentially no 
effect on the phosphatase activity. 
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specificity of the enzyme toward different substrates; and (3) 
Combination of (1) and (2). Whatever the mechanism is, the im­
portant thing is that the substrate is involved in the regulation 
of the heart phosphatase activity by inorganic ions, metabolites, 
aoid other effectors. A control of the phosphatase by the sub­
strate reactivity seems reasonable and appears to have physio­
logically significant implications, because this would assure 
a specific reaction to be regulated by effectors without complica­
tions that could result from the lack of substrate specificity of 
the phosphatase. That is, there would be no need for abundance 
of unrelated regulatory binding sites on the phosphatase in order 
that the enzyme response to different modifiers and discriminate 
different substrates. It has already been pointed out that sub­
strate plays an important role in the regulation of conversion 
of synthase D to I (28.51) and phosphorylase a to b (104) by 
metabolites. Quantitative analysis of the role of substrate and 
catalyst has recently been carried out by Maxtensen et (97, 
98,105) for skeletal muscle phosphorylase phosphatase, but no 
attempt has been made in this thesis for the heart phosphatase 
reaction. 
Since relatively high concentrations of metabolites (except 
ATP and ADP) and ions as compared with their intracellular concen­
trations were used in the present study, the physiological signifi­
cance of inhibition of synthase- and phosphorylase-phosphatase 
activities by the nucleotides, orthophosphate, aind carbohydrate 
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phosphoesters, such as 6-phosphogluconate, glucose 1-phosphate, 
glucose 1,6-diphosphate, fructose diphosphate, phosphoenol 
pyruvate, and creatine phosphate, remains to be assessed by more 
quantitative analysis of metabolite regulation of the phosphatase-
catalyzed reaction. However, it should be noted that some of the 
above metabolites are substrates of phosphorylase or allosteric 
effectors of phosphorylase (106) and synthase (23,28). Thus, these 
metabolites play a dual role in the regulation of glycogen metab­
olism, that is, they control the activity of the enzymes catalyz­
ing glycogen synthesis aund breakdown and also the activity of the 
phosphatase that activates synthase aoid inactivates phosphorylase. 
Martensen et (97,98) have clearly demonstrated that several 
metabolites, such as glucose, glucose 1-phosphate, glucose 6-phos-
phate, glycogen, and AMP exert their effects on the skeletal muscle 
phosphorylase phosphatase activity by binding to the substrate, 
phosphorylase a. This finding and the data presented in this 
thesis, along with earlier reports (21,28,59), appear to support 
the idea that some metabolites (glucose 6-phosphate, glycogen, 
nucleotides, etc.) also affect the synthase phosphatase through a 
substrate-directed effect, although no direct evidence is currently 
available. 
Specific inhibition of synthase phosphatase by glycogen 
deserves more consideration, since the latter is an end product 
of glycogen synthase. For skeletal muscle synthase phosphatase 
(47) and phosphorylase phosphatase (98), some stimulatory effect 
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was observed at low concentrations of glycogen and a concentration 
of 0.5-1.5 mg/ml was found to be optimal. However, as previously 
reported for rat heart and skeletal muscle synthase phosphatases 
(28,53), inhibition of the bovine heaort phosphatase with synthase 
D as substrate was observed at both 1 and 10 mg/ml, while glycogen 
at both concentrations had virtually no effect on the heart phos­
phatase with phosphory1ase a as substrate. Danforth (107) has 
shown that there is an inverse relationship between glycogen con­
centration of skeletal muscle tissue aoid percentage of synthase in 
I form. This relationship appears to be independent and super­
imposed on any changes of synthase activity due to actions of 
hormones (107). An identical glycogen effect has also been found 
under a large variety of conditions in rat heart (14,19). The 
foregoing observations may be a reflection of the glycogen control 
of the phosphatase reaction rather than the kinase reaction, be­
cause physiological concentrations of glycogen have been found to 
inhibit the phosphatase reaction which converts synthase D into I 
(28,47,53, and this thesis) but no effects have been demonstrated 
on the kinase reaction (14,39). Cori amd Cori (95) found no in­
hibition of phosphorylase phosphatase by glycogen, as shown here 
for the heart phosphatase with phosphorylase a as substrate. 
Riley et (46) reported that phosphorylase kinase phosphatase 
was inhibited by glycogen. It has also been shown that glycogen 
stimulates phosphorylase kinase reaction (108) as well as phos-
phorylase-catalyzed reaction (109). Thus, it appears that glycogen 
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acts in a double feedback mechainism controlling its own synthesis 
aoid degradation smd it is most probably tha+ these axe substrate-
directed effects since glycogen did not affect either histone or 
phosphorylase a dephosphory1ation in the present experiments with 
heart phosphatase. 
It is of particular value to mention that the stimulatory 
2+ 
effect of Mg aoid the inhibitory effect of glycogen on skeletal 
muscle and heart synthase phosphatases (28,47, and this thesis) 
were observed on the both rates of dephosphorylation and conver­
sion, while the glucose 6-phosphate effect was obtained only on 
the rate of conversion (28,47). This appears to be additional 
evidence that the glycogen inhibition site and the activation site 
of glucose 6-phosphate do not interact with each other (28), 
however the exact mechajiism is not yet known. Martensen et al. 
(98) have demonstrated that glycogen activation of skeletal 
muscle phosphorylase phosphatase was independent of glucose 6-
phosphate activation of the enzyme. 
The inhibition of heart phosphatase by gelatin was observed 
only with phosphorylase a as substrate. Earlier studies showed 
that the arginine aoid lysine esters were competitive inhibitors 
of skeletal muscle phosphorylase phosphatase with respect to 
phosphorylase a (109,110). Graves et ad. (54) demonstrated the 
requirement of arginine residue separated by one amino acid residue 
from the phosphorylated seryl residue for the phosphatase reaction. 
Since gelatin contains (111) 8.1 mole % of arginine and 4.1 mole % 
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of lysine (note: serine 0.4%), the specific inhibitory effect 
of this protein on the reaction with phosphorylase a as a sub­
strate might be due to a competitive type effect on the enzyme 
through its basic amino acid residues. Similarly, histones are 
rich in arginine emd lysine residues in their primary structures, 
and the inhibition of heart phosphorylase phosphatase reaction by 
histone may also be through these basic amino acid residues. 
Although no specific inhibitor was found for the heart phos­
phatase with histone as substrate, glycogen or gelatin may serve 
as a specific inhibitor of the phosphatase with synthase D and 
phosphorylase a as substrate, respectively, and provide a useful 
technique to differentiate vairious phosphopro te in phosphatase 
activities in further investigations of this rather complex 
regulatory enzyme. 
This thesis indicates that the dephosphorylation of glycogen 
synthase D and phosphorylase a in heart tissue is under a complex 
pattern of metabolite regulation. There is some question whether 
or not any of the modifier effects are due to direct binding of 
effector to the heart phosphatase, but it is quite certain that 
the substrate plays an importemt role in the regulation of the 
phosphatase activity. 
94 
SUMMARY 
Glycogen synthase phosphatase was purified approximately 150-
fold from a crude extract of bovine heart and was free of glycogen 
synthase, phosphorylase, and cyclic AMP-dependent protein kinase. 
This preparation catalyzed the conversion of synthase D into I and 
phosphorylase a into b, amd was able to dephosphorylate synthase D, 
phosphorylase a, active phosphorylase kinase, and phosphorylated 
histone and casein. 
The activity of the purified phosphatase was assayed with 
synthase D, phosphorylase a, and histone as substrate after chroma­
tography on Sephadex G-lOO, after sucrose gradient centrifugation, 
after isoelectric focusing, amd after disc gel electrophoresis. 
In all cases activities with the above substrates were not separated. 
The phosphatase activity on several substrates was lost at the same 
rate by heat denaturaticn at three temperatures. Moreover, par­
allel purification of the phosphatase activities on glycogen 
synthase D, phosphorylase a, and histone was observed, and the 
K^*s of the enzyme for these substrates were increased in the 
presence of alternative substrates. These results indicate that 
the purified phosphatase preparation contained a single phospho-
protein phosphatase that was responsible for the activity on 
several phosphoprotein substrates. 
The molecular weight of this heart phosphatase was estimated 
to be 65,000-70,000 and its isoelectric point was 5.0. The pH 
optimum for the phosphatase activity with synthase D as substrate 
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was near neutrality. A sulfhydryl agent was required for its 
maximum activity on synthase D and histone. The enzyme had a 
higher affinity for synthase D and histone than for phosphorylase 
a but had a higher rate of dephosphorylation with phosphorylase a 
thsin with synthase D cind histone. 
When the phosphatase activity on the above three substrates 
was assayed by dephosphorylation, glucose 1-phosphate and glucose 
1,6-diphosphate were inhibitors of the phosphatase with any of the 
substrates. Adenosine and uridine nucleotides were ineffective 
on the histone phosphatase activity but potent inhibitors with 
synthase D or phosphorylase a as substrate. A similar result was 
obtained for 6-phosphogluconate, fructose diphosphate, phosphoenol-
pyruvate, and p-nitrophenyl phosphate. Magnesium, calcium, and 
manganese were activators of the phosphatase with synthase D or 
histone as substrate, v;hils these divalent cations vjere inhibitors 
of that with phosphorylase a as substrate. Inhibition by citrate 
and glycogen and by albumin and gelatin appeared to be specific 
for synthase phosphatase emd phosphorylase phosphatase, respectively. 
These differential effects of metabolites, cations, and other com­
pounds on the heart phosphatase activities with three different 
substrates indicate the importance of the substrate involvement in 
the regulation of the heart phosphatase activity by effectors. 
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